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PREFACE
My dissertation research at the University of Memphis investigated the effects of
organellar heteroplasmy at two organizational levels: 1) individual fitness; and 2)
population genetic. I used the species Daucus carota ssp. carota (wild carrot) as it is
known to exhibit organellar heteroplasmy, paternal leakage and gynodioecy, a rare
breeding system in which these characteristics, among others, have been documented.
Here, I present one chapter as a comprehensive literature review of organellar
heteroplasmy in plants, two chapters directly addressing my dissertation research goals,
and one chapter directly related to my study species but indirectly related to my
dissertation research goals.
Chapter 2, titled “When One Genome Is Not Enough: Organellar Heteroplasmy in
Plants”, has been published in the journal Annual Plant Reviews Online and is formatted
as such (Ramsey and Mandel, 2019). Chapter 3, titled “Mitochondrial and Plastid
Heteroplasmy, Phenotypic Differentiation, and Fitness in Wild Carrot, Daucus carota” is
formatted for, and planned for submission to, American Journal of Botany. Chapter 4,
titled “Heteroplasmy and Patterns of Cytonuclear Linkage Disequilibrium in Wild
Carrot”, has been published in the journal Integrative and Comparative Biology and is
such formatted (Ramsey, McCauley, et al., 2019). Chapter 5, titled “Altered pollination
ecology of a native plant species in the presence of an attractive non-native plant species”
is formatted in the style of the journal Rhodora in which it has been published (Ramsey,
Ballou, Jr., et al., 2019). This Preface, Chapter 1: Introduction, and Chapter 6:
Conclusion are formatted in the style of American Journal of Botany. Supplementary
material for Chapter 4 is available in Appendix 1 and on the website of Integrative and
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Comparative Biology, and the same for Chapter 5 is available in Appendix 2 and on
FigShare (https://doi.org/10.6084/m9.figshare.7542191.v2).
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ABSTRACT
Ramsey, Adam Joseph. Ph.D. The University of Memphis. December 2019. Considering
Cytonuclear Interactions in the Face of Heteroplasmy: Evidence from Daucus carota
(Apiaceae), a Gynodioecious Plant Species. Major Professor: Jennifer R. Mandel.

Cytonuclear interactions in plants are the complex result of coevolution between
the nuclear, mitochondrial, and plastid genomes. After several billion years of
coevolution, metabolic activities are now tightly coordinated. Organellar genomes were
believed to be under regulation by the nuclear genome, resulting in uniparental
inheritance of small, non-recombining, and haploid organellar genomes. Apparent
deviations from this coordination have often been perceived as deleterious to organismal
fitness and not tolerated by natural selection. Recently, this assumption has been
challenged. Although cytonuclear interactions are indeed highly coordinated, deviations
are common. Across species, organellar genomes are cytoploid. They vary in size,
recombine, and are neither strictly-uniparentally inherited nor haploid. A common state
of organellar genomes is heteroplasmy – intraindividual organellar genetic variation.
Mitochondrial heteroplasmy is common throughout eukaryotes, as is plastid
heteroplasmy in plants. Interest in cytonuclear interactions has grown, and the presence
of two autonomous organellar genomes adds a level of complexity. Even though
heteroplasmy is becoming recognized as a compounding factor in cytonuclear
interactions, little research in plants has focused on the interface between these
phenomena. Here, I present data on that interface using Daucus carota. I focused on how
heteroplasmy may impact cytonuclear interactions at the individual level, the population
level, and the level of genome evolution. I performed a long-term greenhouse study of
ix

individuals from across the range of D. carota to characterize phenotypic differences
between heteroplasmic and non-heteroplasmic (homoplasmic) individuals. I then
revealed patterns of linkage disequilibrium between and within organellar and nuclear
genomes to determine if these patterns were consistent between heteroplasmic and
homoplasmic individuals. While I do not suggest causation, this research demonstrates
that heteroplasmy may impact aspects of cytonuclear interactions by affecting phenotypes
and altering levels of nuclear and organellar linkage. Many new questions have arisen, as
these results only address a small number of questions relating to heteroplasmy and
cytonuclear interactions and offer a limited insight into this intriguing interplay of
phenomena.

x

TABLE OF CONTENTS
Chapter ........................................................................................................................... Page
LIST OF TABLES ........................................................................................................... xiii
LIST OF FIGURES ...........................................................................................................xv
1: INTRODUCTION ...........................................................................................................1
REFERENCES ........................................................................................................6
2: WHEN ONE GENOME IS NOT ENOUGH: ORGANELLAR HETEROPLASMY IN
PLANTS ......................................................................................................................12
1 Introduction .........................................................................................................12
2 Discovery of heteroplasmy .................................................................................17
3 The cytoploid nature of organellar genomes: consistently not asexual ..............19
4 Molecular methods of detection..........................................................................30
5 Gynodioecy, paternal leakage, heteroplasmy .....................................................37
6 Consequences of heteroplasmy and topics in need of further study ...................41
7 Conclusion ..........................................................................................................49
Acknowledgements ................................................................................................51
References ..............................................................................................................51
3: MITOCHONDRIAL AND PLASTID HETEROPLASMY, PHENOTYPIC
DIFFERENTIATION, AND FITNESS IN WILD CARROT, DAUCUS CAROTA ...80
INTRODUCTION .................................................................................................80
METHODS ............................................................................................................84
RESULTS & DISCUSSION ..................................................................................91
ACKNOWLEDGEMENTS .................................................................................100
REFERENCES.....................................................................................................101
4: HETEROPLASMY AND PATTERNS OF CYTONUCLEAR LINKAGE
DISEQUILIBRIUM IN WILD CARROT .................................................................107
Introduction ..........................................................................................................107
Aims .....................................................................................................................111
Materials and Methods .........................................................................................112
Results ..................................................................................................................118
Discussion ............................................................................................................123
Funding ................................................................................................................127
Acknowledgements ..............................................................................................127
References ............................................................................................................128
5: ALTERED POLLINATION ECOLOGY OF A NATIVE PLANT SPECIES IN THE
PRESENCE OF AN ATTRACTIVE NON-NATIVE PLANT SPECIES ................137
Introduction ..........................................................................................................137
xi

Materials and Methods .........................................................................................140
Results ..................................................................................................................146
Discussion ............................................................................................................149
Acknowledgements ..............................................................................................152
Literature Cited ....................................................................................................152
6: CONCLUSION ............................................................................................................158
REFERENCES ....................................................................................................164
APPENDIX 1: CHAPTER 4 SUPPLEMENTARY MATERIAL...................................168
APPENDIX 2: CHAPTER 5 SUPPLEMENTARY MATERIAL...................................178

xii

LIST OF TABLES
Table .............................................................................................................................. Page
Chapter 2
1. Some examples of mitochondrial and plastid heteroplasmy and their detection
method in green plants and algae. ..........................................................................15
Chapter 3
1. Geographic origins and regions, sample sizes, and means ± standard errors of
nine fitness-related traits in 19 accessions of Daucus carota. ...............................93
2. Sample sizes and means ± standard errors of fitness-related traits of annuals,
biennials, and triennials. ........................................................................................95
3. Sample sizes and means ± standard errors of fitness-related traits of
heteroplasmic, homoplasmic, and all individuals combined. ................................95
4. Sample sizes and means ± standard errors of fitness-related traits of the four
mitochondrial haplotypes. ......................................................................................95
5. ANOVA results from nine fitness traits.................................................................96
Chapter 4
1. Values of within and between organellar linkage disequilibrium (D’) for the
Olympic (left) and Nantucket (right) regions. .....................................................122
Chapter 5
1. Sample sizes (N), mean number of Sericocarpus asteroides L. inflorescences,
mean overall visits, and diversity indices for pollinator visitors within study
plots. .....................................................................................................................146
2. Sericocarpus asteroides L. pollen counts and the percentage of the total number
of pollen grains by taxa and overall. ....................................................................148
Appendix 1
1. Samples sizes from 12 populations in two regions of the United States, Olympic
and Nantucket. .....................................................................................................169
2. Normalized nuclear linkage disequilibrium (D’) among 14 simple sequence
repeat loci in the Olympic region.........................................................................170
3. Nuclear linkage disequilibrium r2 values among 14 simple sequence repeat loci
in the Olympic region. .........................................................................................171
4. Values of normalized cytonuclear linkage disequilibrium (D’) between 14
(Olympic) and 15 (Nantucket) nuclear and three organellar loci (mtDNA: atp9,
cox1; ptDNA, StoG region) and the heteroplasmic and homoplasmic partitions
for cox1 and StoG. ...............................................................................................172
5. Values of normalized cytonuclear linkage disequilibrium (D’) and r2 values
between 14 (Olympic) and 15 (Nantucket) nuclear and the heteroplasmic and
homoplasmic partitions for two organellar loci (mtDNA: cox1; ptDNA, StoG
region). .................................................................................................................173
xiii

6. Normalized nuclear linkage disequilibrium (D’) among 14 simple sequence
repeat loci in the Nantucket region. .....................................................................174
7. Nuclear linkage disequilibrium r2 values among 15 simple sequence repeat loci
in the Nantucket region. .......................................................................................175
8. Carrot population genetic diversity measures for nuclear, chloroplast, and
mitochondrial loci. ...............................................................................................176
9. Sorted and color coded absolute cytonuclear linkage disequilibrium (|D’|)
between 14 (Olympic) and 15 (Nantucket) nuclear and three organellar loci
(mtDNA: atp9, cox1; ptDNA, StoG region) and the heteroplasmic and
homoplasmic partitions for cox1 and StoG. atp9 within each region and StoG in
the Nantucket region. ...........................................................................................177
Appendix 2
1. Populations of Daucus carota located across Nantucket Island, Massachusetts
with GPS coordinates, distance to the ocean and their average population density
calculated from up to five density measurements. ...............................................178
3. Observed treatment sites with their GPS coordinates, the date of observation,
population name, and local hourly weather conditions for 8:00 to 11:00 am......189
4. Populations of Sericocarpus asteroides located across Nantucket Island,
Massachusetts with their GPS coordinates. .........................................................195
6. Populations collected for the heterospecific pollen assay, their GPS coordinates,
and the number, name, GPS coordinates, and distance to the nearest Daucus
carota population. ................................................................................................198

xiv

LIST OF FIGURES
Figure ............................................................................................................................. Page
Chapter 2
1. The quantitative nature of organellar inheritance. .................................................20
Chapter 3
1. Days to germination and first leaf for heteroplasmic and homoplasmic
individuals. .............................................................................................................99
2. Survival curves of heteroplasmic and homoplasmic individuals for days to bolt
and days to death. .................................................................................................100
Chapter 4
1. Diagrammatic representation of the measures of LD calculated here within and
between the nuclear (I), mitochondrial (II), and plastid (III) genomes. ..............116
2. cnLD values between heteroplasmic and homoplasmic StoG (A) and cox1 (B)
datasets in the Olympic region and between heteroplasmic and homoplasmic cox1
datasets in the Nantucket region (C). ...................................................................121
Chapter 5
1. The number of pollinator visits to Sericocarpus asteroides L. ............................147
Appendix 1
1. Image of GeneMarker StoG analysis of a potential tri-heteroplasmic individual
from the Olympic region. .....................................................................................168
Appendix 2
2. Linear regression of the mean population density (± SE) by the distance from
the ocean (m)........................................................................................................188
5. The total number of visits by pollinator family observed on Daucus carota (A)
and Sericocarpus asteroides (B) when in allopatry or sympatry with the other,
and the pollinator distribution of the pre- and post-removal treatments for S.
asteroides (C). ......................................................................................................197
7. Results of generalized linear model performed in JMP (ver. 13.0.0) of A) mean
total pollen, B) mean total standardized pollen, and C) mean total heterospecific
pollen for 23 Sericocarpus asteroides populations at given distances from
Daucus carota. .....................................................................................................200
8. Daucus carota occurrences (A), those occurrence densities (B), and D. carota
and Sericocarpus asteroides occurrences across Nantucket Island, MA. ...........201

xv

CHAPTER 1: INTRODUCTION
After the separate endosymbiotic events that likely gave rise to mitochondria (mt)
and plastids (pt), evolution began acting to ensure tight coordination between the
endosymbiont and host genomes. As metabolic activities between the endosymbiont and
host became interconnected, neither could survive independently. The separate genomes
coevolved together, and the interactions between them became ever more tightly
coordinated. Over evolutionary time, most endosymbiotic genes were transferred to the
host’s genome, yet across eukaryotes as a whole, the conservation of the genes remaining
in the mt is striking, and in plants, the same is true for the pt (Blanchard and Lynch,
2000; Alberts et al., 2002).
After some 2.5 billion years of coevolution, most eukaryotes still retain their mt.
In only one parasitic genus of protozoa, Monocercomonoides, has neither mitochondrial
genome (mtDNA) nor mitochondrial-like organelle been discovered (Karnkowska et al.,
2016). In plants, only parasitic lineages, particularly in the families Orobanchaceae and
Rafflesiaceae, seem to have degenerate plastids. In only one plant species has no
complete plastid genome (ptDNA) been documented, the parasitic Rafflesia lagascae
Blanco (Molina et al., 2014). The loss of these organelles and their genomes in parasitic
lineages is notable. Parasitic species rely on their hosts for nutrients and survival.
Presumably, these species no longer rely on their organelles. As such, relaxed selection
on the tight coordination of nuclear and organellar genes has permitted organellar
degeneration and loss.
However, in the overwhelming majority of eukaryotic species, selection has acted
strongly to maintain effective coordination between nuclear and organellar genomes for
1

metabolic activities. Mitochondria produce the ATP needed to maintain the high energy
demands required by eukaryotes, and pt have evolved several specialized metabolic
functions required in plants (e.g., sugar production, chloroplasts; pigment storage,
chromoplasts; starch storage, amyloplasts). Even though mt and pt still contain their own
genomes, thousands of genes are currently found in the nuclear genome whose products
function in either the mt, pt, or both (Peeters and Small, 2001). Sets of organellar and
nuclear genes may interact within protein complexes at the molecular level, and variants
of one or both may disrupt the function or efficiency of protein complexes, thereby
negatively affecting metabolic functions. The results of protein mismatches may affect
only a few cells or, more drastically, an individual’s overall fitness.
Within the last several decades the importance of interactions between the nuclear
and organellar genomes (i.e., cytonuclear interactions) has become clearer. Not only do
cytonuclear interactions play an integral role in basic metabolism, they have been shown
to affect an organism’s overall phenotype, i.e., the phenome. For instance, in Drosophila
melanogaster, mutations in cytochrome oxidase, found in the mtDNA, cause flies to be
sensitive to high temperatures (Ma et al., 2014), and when different fly lines are crossed
to produce various mtDNA and nuclear combinations, fitness effects are sex-dependent
(Dowling et al., 2007). In plants cytonuclear interactions between mtDNA mutations and
nuclear genes can dictate an individual’s male fertility (McCauley, 1998) and affect
phenotypes relating to phenology and overall reproduction (Roux et al., 2016). Even
more striking, a recent hypothesis has been put forth that cytonuclear interactions drive
coloration in birds, a phenomenon that contributes to speciation in taxa with strong sexual
selection (Hill, 2017).
2

Much of this work has focused on interactions between the mtDNA and nuclear
genome, but few studies have considered organellar genomes as anything more than
haploid. However, the traditional view of mtDNA (and to a lesser degree, ptDNA) is
being challenged. In contrast to mtDNA being small, circular, and non-recombining
molecules which are haploid and uniparentally-inherited, there is a growing body of
evidence demonstrating that mtDNA should otherwise be characterized (Burger et al.,
2003). Although the putative α-proteobacterial ancestor of the mt presumably had some
of the characteristics currently applied to the mt (López-García and Moreira, 2015),
several billion years of separate evolutionary histories have changed the structure and
function of the mtDNA into something more dynamic and complex. The current view is
suggested to have come from the biased sampling of bilaterian animals (Gissi et al., 2010;
Lavrov and Pett, 2016), but a large number of taxa in both plants and animals show
strikingly different mtDNA characteristics (Lavrov and Pett, 2016; Gualberto and
Newton, 2017).
Most notably and of interest to the study of cytonuclear interactions is nonuniparental inheritance and the presence of organellar heteroplasmy, or within individual
organellar genetic variation. Both these characteristics challenge the accepted notion of
organelles as haploid and being inherited in a non-Mendelian (i.e., uniparental) fashion.
Uniparental inheritance was independently described in plants by Correns and Baur in
1909 (Baur, 1909; Correns, 1909; reviewed in Hagemann, 2000). However, both noted
and described incidents of plastid variegation (i.e., heteroplasmy), explained by Baur to
be the result of biparental inheritance of pt (Baur, 1909). As early as the 1930s mt were
also characterized as following a non-Mendelian inheritance pattern (Anderson, 1936).
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Even though this early work demonstrated exceptions to non-Mendelian inheritance, it
has been overlooked as a transient phenomenon and of little importance, and thus has
been little studied (Reboud and Zeyl, 1994).
Until recently, surveys seeking biparental inheritance or heteroplasmy in various
species have found no evidence for their presence, or when discovered, they seemed to be
exceptional events. However, as more refined methods for detecting these phenomena
developed, they seemed to become less exceptional and rather more common. In
populations containing no organellar haplotype variants, biparental inheritance would be
“cryptic”, as parental haplotypes would be indistinguishable. Yet given different
organellar haplotypes in populations, instances of biparental inheritance during
fertilization (so called maternal or paternal “leakage”) would result in heteroplasmy.
Heteroplasmy originating in such a manner can be persistent. It may be maintained within
an individual and inherited across generations, thus increasing in frequency within
populations, as has been shown in cucumber (Shen et al., 2019).
A type of breeding system often associated with leakage of organelles and
heteroplasmy is gynodioecy, in which some individuals of a species are male-sterile
while others are hermaphroditic (McCauley and Bailey, 2009). There are a variety of mt
mutations within and among species thought to cause cytoplasmic male sterility (CMS;
Jacobs and Wade, 2003). Interestingly, the nuclear genome often contains “restorer”
genes which counteract the mt mutation. A variety of male sterile and nuclear restorer
genes can be found within a single species. For instance, in Daucus carota and Plantago
coronopus, there are least four separate CMS-restorer systems, with each mt gene
possibly associated with more than one nuclear locus and are thus in a complex state of
4

cytonuclear interactions. Balancing selection is often cited as a mechanism to maintain
such CMS and nuclear restorer pairs (Adhikari et al., 2019). Yet in crosses of lines
between different sets of CMS-nuclear restorers, particularly between divergent
populations (McCauley, 2013; Breton and Stewart, 2015) or even species (Burt and
Trivers, 2006), F1 progeny often show an increase in the frequency of CMS, due to a
disruption of cytonuclear compatibility (Nothnagel et al., 2000; van Damme et al., 2004).
Theoretical (Burt and Trivers, 2006; McCauley, 2013) and experimental (Budar et al.,
2003; de Cauwer et al., 2011) work has demonstrated fitness differences between malesterile and hermaphroditic individuals. de Cauwer et al. (2011) went further and showed
that hermaphrodites with restored male fertility (due to the presence of a nuclear restorer
gene) nonetheless suffer a fitness cost through a reduction in pollen production and fruit
set. The authors suggested this is the result of complex cytonuclear interactions involved
in male fertility restoration (de Cauwer et al., 2011).
Although cytonuclear interactions are becoming more understood, studies
considering the additional phenomenon of heteroplasmy are lacking. As it is often
suspected of being a transient occurrence, little emphasis has been placed on the interface
of heteroplasmy and cytonuclear interactions. I am particularly interested in the effect(s)
of heteroplasmy at two biological organizational levels: the individual and population
levels. This project was designed to address the following questions: What are the effects
of heteroplasmy on an individual’s phenome, and how does it affect linkage with the
nuclear genome within and among populations? My goals in addressing these questions
were 1) to compare the phenology and fitness-related characteristics of heteroplasmic and
non-heteroplasmic (homoplasmic) individuals from a broad distribution of a species’
5

native and introduced ranges, and 2) assess levels of cytonuclear and organellar linkage
disequilibrium between heteroplasmic and homoplasmic individuals within populations
in two separate geographic regions and among those regions. I used the gynodioecious
species Daucus carota ssp. carota, as it is known to contain organellar polymorphisms
within populations (Mandel et al., 2012), populations with heteroplasmic individuals
(Mandel and McCauley, 2015), and the molecular resources (all three sequenced
genomes) are readily at disposal (Ruhlman et al., 2006; Iorizzo et al., 2012, 2016).
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CHAPTER 2: WHEN ONE GENOME IS NOT ENOUGH: ORGANELLAR
HETEROPLASMY IN PLANTS

1 Introduction
Heteroplasmy was discovered over one hundred years ago, yet it is often an
overlooked phenomenon. Heteroplasmy is a mixture of detectably different organellar
genomes (either mitochondrial or plastid) within a cell or individual (see Glossary).
Heteroplasmy is taxonomically widespread across eukaryotes, and the presence of
within-individual organellar genomic variation is commonly overlooked (Barr, Neiman,
& Taylor, 2005; Basse, 2010; Kmiec, Woloszynska, & Janska, 2006). A single locus can
be described as heteroplasmic, but this designation can extend to the genome-wide level.
The definition with respect to plastids has sometimes been expanded to include
morphological, but non-genetic, differences between functioning and nonfunctioning
chloroplasts (Sakamoto, 2003). Mosaics of leaf color, or variegation, was first described
by Erwin Baur and Carl Correns in 1909 (reviewed in Hagemann, 2000). Variegation can
be caused by developmental changes in specific tissues, but Baur (1909) described it as
the somatic segregation of two types of plastids, green and white, which we now call
heteroplasmy. Since Baur’s work with visual polymorphisms in 1909 and thereafter,
other types of plastid heteroplasmy in plants and mitochondrial heteroplasmy in plants,
animals, and fungi have been discovered, including structural rearrangements (gene
rearrangements and gene chimeras caused by recombination) and sequence changes
(insertions or deletions and point mutations).
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Much work has been carried out in animal systems (especially humans) to study
mitochondrial heteroplasmy due to the strong link between its occurrence and
mitochondrial diseases (Chinnery & Turnbull, 1999). Mitochondrial heteroplasmy has
been detected in a wide variety of animal taxa (Barr et al., 2005; Konrad et al., 2017; Ma,
Xu, & O’Farrell, 2014; Robison, Balvin, Schal, Vargo, & Booth, 2015; Wolff et al.,
2014; Xiong, Barker, Burger, Raoult, & Shao, 2013). For example, in natural populations
of the fruit fly Drosophila melanogaster, 14% of individuals were found to be
heteroplasmic for the COI (cox1 in plants) mitochondrial locus (Nunes, Dolezal, &
Schlötterer, 2013). A remarkable finding in mice was that while the offspring of a
heteroplasmic mother can vary substantially in their levels of heteroplasmy (possibly due
to vegetative segregation), the mean offspring level of heteroplasmy is roughly equal to
that found in the mother (Jenuth, Peterson, & Shoubridge, 1997). Likewise, in
Caenorhabditis elegans, heteroplasmy was stable for over 100 generations (Tsang &
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Lemire, 2002). In fungi, heteroplasmy of wild type and mutant mitochondrial genomes
has been reported in Neurospora and Podospora (Bertrand, Chan, & Griffiths, 1985;
Bertrand, Collins, Stohl, Goewert, & Lambowitz, 1980; Griffiths, 1992). Truly, one only
needs to perform a Google Scholar search with heteroplasmy and “organism of choice” to
start down the rabbit hole that is the phenomenon of heteroplasmy (heteroplasmy alone
yields 25,100 hits as of June 2018).
Heteroplasmy in plants is similarly widespread (Table 1), and indeed, as
described by the title of Kmiec et al. (2006), mitochondrial heteroplasmy is often a
“common state”. Likewise, plastid heteroplasmy has been characterised in numerous
plant species (e.g., Ellis, Bentley and McCauley, 2008; Frey, Frey and Forcioli, 2005;
Johnson and Palmer, 1989; Mandel et al., 2016; Wheeler et al., 2014). For example, in
the green alga, Chlamydomonas reinhardtii, persistent chloroplast heteroplasmy was
reported in multiple studies (Bolen, Gillham, & Boynton, 1980; Spreitzer & Chastain,
1987). In our own work with wild carrot, Daucus carota ssp. carota, more than 60% of
the populations surveyed harbored heteroplasmic individuals for either the mitochondrial
atp9 or cox1 locus (Mandel & McCauley, 2015). Studies such as ours, demonstrate that
heteroplasmy is widespread (found in many individuals) and abundant (found in
observable proportions within individuals) in D. carota. These findings are also
noteworthy given that heteroplasmy is typically assayed at just a few genes, or loci, and
not at the genome-wide level. This suggests that heteroplasmy could be more widespread,
since if heteroplasmic genomes do not differ at the specific regions surveyed, it will be
missed, likely underestimating the true prevalence of heteroplasmy in natural
populations.
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Table 1. Some examples of mitochondrial and plastid heteroplasmy and their detection method in green plants and algae.
Order

Family

Species

Common
Name

Detection

Genome

References

Alismatales

Potamogetonaceae

Potamogeton
anguillanus

water plantain

Sanger

pt

Iida et al., 2007

Apiales

Apiaceae

Daucus carota

carrot

length
variation

pt

Sanger

mt

NGS

pt

Mandel et al.,
2016
Szklarczyk et al.,
2014
Sabir et al., 2014

NGS
length
variation
length
variation
length
variation
length
variation
length
variation

mt

Sabir et al., 2014

pt

Ellis et al., 2008

NGS

Arecales

Arecaceae

Phoenix dactylifera

date palm

Asterales

Asteraceae

Helianthus
verticillatus

Caryophyllales

Caryophyllaceae

Silene vulgaris

whorled
sunflower
bladder
campion

Chlamydomonadales

Chlamydomonadaceae

Chlamydomonas
reinhardtii

green algae

Cucurbitales

Cucurbitaceae

Cucumis

cucumber

Ericales

Actinidiaceae

Actinidia deliciosa

kiwifruit

Fabales

Fabaceae

Astragalus
membranaceus

milkvetch

Fabales

Fabaceae

Cicer arietinum

chickpea

Fabales

Fabaceae

Medicago sativa

alfalfa

Geraniales

Geraniaceae

Pelargonium

geranium

mt
pt
mt

Lilly et al., 2001

pt

Chat et al., 2002

pt

Lei et al., 2016

pt

Kumari et al.,
2011

pt

Lee et al., 1988

mt

Pupilli et al., 2001

pt

Weihe et al., 2009

Sanger

mt

Weihe et al., 2009
Floro, 2011
García-Díaz et al.,
2003

length
variation
length
variation
length
variation
Sanger

Lamiales

Phrymaceae

Mimulus guttatus

monkeyflower

qPCR

mt

Lamiales

Oleaceae

Olea europaea

olive

Sanger

mt
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McCauley et al.,
2005
Nishimura and
Stern, 2010

Table 1 (continued).
Common
Name
ribwort
plantain
passion
flower

Order

Family

Species

Lamiales

Plantaginaceae

Plantago lanceolata

Malpighiales

Passifloraceae

Passiflora

Myrtales

Onagraceae

Oenothera

primrose

Pinales

Pinaceae

Pinus

pine

Poales

Poaceae

Oryza sativa

rice

Poales

Poaceae

Triticum

durum
wheat

NGS

mt

Poales

Poaceae

Zea mays

maize

length
variation

mt

Saxifragales

Cynomoriaceae

Cynomorium
coccineum

suo yang

Sanger

pt

pt = plastid genome, mt = mitochondrial genome
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Detection

Genome

References

Sanger

mt

Levsen et al., 2016

Sanger

pt

length
variation
length
variation
length
variation

pt
pt
pt

Hansen et al.,
2006
Stoike and Sears,
1998
Govindaraju et al.,
1988
Moon et al., 1987
Noyszewski et al.,
2014
Yamato and
Newton, 1999
García et al., 2004

In this review, we cover both plant organellar genomes, discuss the discovery of
plastid and mitochondrial heteroplasmy in plants, and describe broad taxonomic patterns
for plants when they occur. Next, we introduce and discuss the "cytoploid" nature and
inheritance patterns of organellar genomes, their variability in size and content, as well
as, their structure and evidence for recombination. We also provide details about
molecular methods for detecting heteroplasmy including more recent techniques
employing next-generation sequencing. Next, we investigate the potential link between
heteroplasmy and the gynodioecious breeding system (having mixtures of females and
hermaphrodites within a population). We then discuss some consequences of
heteroplasmy and topics in need of further study including the effects on fitness from
heteroplasmy. Finally, we conclude with a discussion of future research directions within
the field of heteroplasmy including gaps in our understanding of the ecological and
evolutionary consequences of this within-individual organellar variation.

2 Discovery of heteroplasmy
The discovery of heteroplasmy as a phenomenon (sometimes called intraindividual or within-individual genetic variation) was virtually simultaneous with the
development of the theory of plastid inheritance (i.e., uniparental inheritance) in studies
of angiosperms. As Mendelian inheritance of nuclear genes was discovered using visual
polymorphisms in pea (Mendel, 1866), so was the non-Mendelian inheritance of
organellar genomes. In 1909, Erwin Baur and Carl Correns independently described the
inheritance of plastid variegation in plants, though it was not understood that they carried
their own genetic material until Ruth Sager and others’ work in the 1960s (Chun,
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Vaughan, & Rich, 1963; Sager & Ishidat, 1963). Baur (1909) studied Pelargonium while
Correns (1909) used Mirabilis, Urtica, and Lunaria to track variegation patterns within a
single plant and in controlled crosses. Correns posited that the cytoplasm was the cause
of healthy and ill plastids, yet it was Baur who was correct in concluding that it was the
plastids themselves that carried the phenotype and thus the genes. Baur established that
progenitor cells giving rise to variegated leaves must contain a mixture of white and
green plastids (heteroplasmy) (reviewed in Birky, 1995; Hagemann, 2000). Indeed, leaf
variegation often results from a mixture of mutated plastid genomes, (leading to defective
plastids that produce white sections) with normal plastid genomes (leading to functional
plastids that produce green sections) (Chiu, Stubbe, & Sears, 1988).
The term "heteroplasmy", however, was not widely used in the literature to refer
to a mixture of organellar genomes until at least the 1970s when Birky and colleagues
(Birky, 1978, 1983; Birky, Maruyama, & Fuerst, 1983) began thoroughly detailing the
theoretical implications and experimental evidence of organellar inheritance, evolution,
and vegetative sorting (within individual drift of organellar variants). The terms
"heteroplasmon" and "heteroplasmonic" were also used in the literature around this time
to describe organellar variants of fungi, for example, in Lewontin (Lewontin, 1970).
Birky (1976) defined a heteroplasmic cell as one “containing mitochondria or
chloroplasts of two different genotypes.” Much of the work describing within individual
organellar variation was coupled with understanding the inheritance of mitochondrial and
plastid genomes in the genetic model systems of paramecia, algae, and yeast during the
early 1970s (Adoutte & Beisson, 1972; Beale, Knowles, & Tait, 1972; Birky, 1973). Ruth
Sager, well-known for her work in cancer genetics, also worked extensively with
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Chlamydomonas to understand plastid inheritance and its evolutionary significance. In
fact, Sager (1977) was likely observing heteroplasmic samples when she reported
"persistent heterozygotes" in the offspring of Chlamydomonas crosses. A number of
prominent books about organellar genomics were published at this time, including by
Sager: "Cytoplasmic Genes and Organelles" in 1972, and Birky and colleagues:
"Genetics and Biogenesis of Mitochondria and Chloroplasts" in 1975. Since this work in
the 1970s, advances in our understanding of heteroplasmy have continued to be linked
with the genetic composition and inheritance of organellar genomes. Though outside the
scope of this plant review, heteroplasmy is an important field across all eukaryotes with
major implications for human health and disease (Stewart & Chinnery, 2015), therefore,
this field of study is rapidly moving forward since its plant beginnings in Pelargonium
and Mirabilis.

3 The cytoploid nature of organellar genomes: consistently not asexual
In disagreement with various studies showing the flexibility of organellar
genomes, the consensus view of organellar genomes as asexual, static molecules remains
stubbornly intact. Even within animals there is disagreement about the existence of a
typical mitochondrial genome (described as a “myth” in Lavrov and Pett, 2016).
Inheritance patterns are increasingly being shown to be flexible (and quantitative rather
than categorical; Figure 1). Organellar genomes are fragmented, yielding sublimons and
subgenomic fragments, and the circular structure of these genomes is highly contested (a
few circular plastid genomes are notable exceptions). As such, the genome content within
a single organelle varies from none, to an incomplete genome, and to multiple copies of
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Figure 1. The quantitative nature of organellar inheritance. Strict maternal inheritance is
demonstrated on far left (100% maternal transmission), and strict paternal inheritance on far right
(100% paternal transmission). Area between represents differing levels of maternal or paternal
contribution to the offspring with complete biparental inheritance in the middle (50:50 maternal
to paternal transmission). When maternal and paternal organellar genomes differ, departure from
either strict inheritance results in heteroplasmy. Circles below the graph represent the
homoplasmic offspring of strict maternal and paternal inheritance (assuming neither parent is
heteroplasmic) on the left and right, respectively. Circles in the middle represent heteroplasmy
generated from varying levels of biparental inheritance 75:25, 50:50, and 25:75, left to right.
the entire genome, which can change through a cell’s life cycle (Cupp & Nielsen, 2014;
Morley & Nielsen, 2016; Delene J. Oldenburg & Bendich, 2015). The size of the plastid
genome is variable, yet fairly constant across plant taxa (~150 kb). But the size range of
the mitochondrial genome is regularly being expanded, the current smallest being 222 kb
(Handa, 2003). The largest has been increasing over time from 337 kb (Unseld,
Marienfeld, Brandt, & Brennicke, 1997) to 2.7 Mb (Rodríguez-Moreno et al., 2011).
Currently, the largest mitochondrial genome is found in Silene conica at 11.3 Mb (Sloan,
Alverson, Chuckalovcak, et al., 2012). These highly variable characteristics are not
typical of an asexual (haploid) genome, nor is it accurate to call them fully sexual
(diploid +) genomes. We, therefore, define and refer to the nature of plant organellar
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genomes as “cytoploid”. In this section we discuss the cytoploid characteristics of plant
organellar genomes.

3.1 Inheritance patterns
Organellar genomes are unlike nuclear genomes. One of the most striking
differences is the mode of inheritance—both from parent to offspring during reproduction
and from cell to cell within individuals during cell division. Nuclear genomes of plants
are typically biparentally-inherited, with the maternal and paternal parents contributing
equally to their offspring. In contrast, the genomes of mitochondria and plastids are
typically described as uniparentally inherited (usually said to be maternally-inherited in
angiosperms, but paternally-inherited for the plastids of gymnosperms with no maternal
contribution to the offspring, Birky, 1995; Reboud and Zeyl, 1994). However, these
qualitative statements about organellar inheritance have been challenged (Birky, 1994;
McCauley, 2013; McCauley & Olson, 2008; Wu, Cuthbert, Taylor, & Sloan, 2015). With
these reconsiderations, the additional findings of Baur and Correns in 1909 (i.e., rare
biparental inheritance of plastids) have been revisited (reviewed in Hagemann, 2000).
In many cases where a departure from strict uniparental inheritance is
documented, it occurs along with, but not instead of, maternal inheritance. This type of
untraditional biparental inheritance is commonly termed "paternal leakage" (Burt &
Trivers, 2006; McCauley, 2013). As organelles are considered maternally-inherited,
instances of leakage are defined as paternal, yet “maternal leakage” is also a possibility in
species with paternally-inherited organelles (e.g., conifers). Such is the case in Kiwifruit;
plastids are inherited paternally and mitochondria maternally (Chat, Chalak, & Petit,
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1999), yet Chat et al. (2002) found one instance of plastid heteroplasmy which the
authors described as being the result of biparental inheritance which we suggest is
maternal leakage. These findings suggest organellar inheritance can be described as a
quantitative trait (sensu Birky, 1995, 2008; Figure 1). In fact, should leakage occur such
that the typical minor parental haplotype outnumbers the typical major parental
haplotype, a full “shift” in the inheritance pattern could occur, particularly in crosses of
divergent populations or species due to a breakdown of mechanisms preventing
biparental inheritance or paternal leakage (Barnard-Kubow, So, & Galloway, 2016;
Nagata, 2010). Biparental inheritance and paternal or maternal leakage are often
synonymous in the literature; however, we suggest that biparental inheritance be used to
describe the inheritance pattern, whereas paternal or maternal leakage be used to describe
the shift in inheritance pattern.
Organellar genomes are reported to be biparentally-inherited (19% of plant
species exhibit potential biparental inheritance (PBPI), Zhang and Sodmergen, 2010) in
many taxonomically diverse plants (Barr et al., 2005; Corriveau & Coleman, 1988; Hu,
Zhang, Rao, & Sodmergen, 2008; McCauley, 2013; White, Wolff, Pierson, & Gemmell,
2008; Zhang, Liu, & Sodmergen, 2003). However, biparental transmission does not
necessarily result in 50:50 ratios between parents nor does it occur during every
fertilization event, even in those species in which it has been detected (Birky, 1995).
Inheritance of organelles can be independent of one another. That is, paternal leakage
may involve the transmission of mitochondria or plastids, or both, into the fertilised egg.
When maternal and paternal organellar genomes are different from one another in size,
content, or structure, the offspring is said to be heteroplasmic. A variety of mechanisms
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appear to have independently evolved to prevent biparental inheritance of organellar
genomes and maintain genetic homogeneity, or homoplasmy, across a large number of
taxa (Birky, 2001; Nagata, 2010). Organelles, or their DNA, can be physically excluded
from the egg during fertilization, or the organellar genomes within the sperm cell can be
degraded before or after fertilization through an assortment of digestive pathways (Birky,
1995, 2001; Clay Montier, Deng, & Bai, 2009; Nagata, 2010). A broad hypothesis
explaining paternal leakage is that the taxon-specific mechanism(s) preventing paternal
inheritance break down for some, usually, unknown reason (Breton & Stewart, 2015). In
some species, it tends to occur in specific populations or particular intra- and interspecific
crosses more frequently than in others, potentially due to disrupted cytonuclear coadaptations (Bentley, Mandel, & McCauley, 2010; Burt & Trivers, 2006). Another
possibility is that if biparental inheritance does occur, but the two parental genomes are
not divergent (at least in the particular regions assayed), the inheritance pattern will not
be detected (discussed in Section 4).
A second major difference in organellar genomes from their nuclear counterpart,
occurs during mitotic and meiotic cell division, where each daughter cell receives
roughly half of the organelles from the mother cell in a randomly sorted fashion—a
process termed vegetative segregation akin to genetic drift (Birky, 1978) and as
mentioned above can be described as a quantitative trait (Birky, 1995). A consequence of
strict uniparental inheritance and vegetative segregation would be homoplasmy, or
within-individual genetic homogeneity, of organellar genomes. This is both because
uniparental inheritance precludes the mixing of parental organellar genomes at
fertilization, and homoplasmy is enforced by repeated sampling events (within-individual
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drift as above) associated with the transmission of a finite number of organelles from
mother to daughter cells during division (Birky, 2001). Given this, any heteroplasmy
could be lost over cell divisions and consequently should be rare. This drift, or vegetative
sorting, can occur within a single individual and across generations as oocytes also obtain
a random sampling of organelles from the maternal parent. It would be very intriguing to
assay large clonal species (e.g., Quaking Aspen or Creosote Bush) for heteroplasmy in
order to better understand vegetative segregation.
Some research in animal systems has shown that segregation to homoplasmy is
not the case (Hagström, Freyer, Battersby, Stewart, & Larsson, 2014; Ma & O’Farrell,
2015; Ma et al., 2014). Even in the mitochondrial genome of animals, heteroplasmy can
be maintained for up to 50 generations in mice (Hagström et al., 2014), and it is possible
that intracellular selection occurs in developing egg cells such that heteroplasmy is
selected for and maintained across generations (Ma et al., 2014). When this is the case
(and barring extraneous paternal leakage), offspring would be expected to exhibit low
variance around the mean level of heteroplasmy (which should be close to the maternal
level of heteroplasmy), and few offspring would be expected to revert to a homoplasmic
state. An additional example is found in Caenorhabditis elegans where one copy of the
mitochondrial genome contains a deletion of 11 genes, which on its own, would be lethal,
yet the mutant genome appears to have a replicative advantage resulting in an animal
strain in which heteroplasmy (mutant/wild type) has been maintained for over 100
generations (Tsang & Lemire, 2002).
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3.2 Size and content
Earlier studies of land plants reported that mitochondrial genomes showed the
lowest synonymous substitution rates among the three genomes and that the plastid
genome was the next lowest at about half the rate of the nuclear genome (Wolfe, Li, &
Sharp, 1987) and when compared to animal mitochondrial genomes, both organellar
genomes were lower. Overall, this has remained the case with a few notable exceptions of
angiosperms with accelerated rates of mitochondrial genome evolution including
bugleweed, Ajuga reptans (Zhu, Guo, Jain, & Mower, 2014) and certain campion (Silene)
species (Sloan, Alverson, Wu, Palmer, & Taylor, 2012). These lower levels of
substitution rates and thus low sequence diversity (especially within species) potentially
make detecting heteroplasmy more difficult in plants than animals since divergent
genomes may not differ at loci used for assaying heteroplasmy. Typically, non-coding
regions of genomes accumulate mutations faster, and are hence more variable, than
coding regions making these genic regions less informative for studies of heteroplasmy.
However, the coding regions of mitochondrial genomes in gynodioecious species are
often highly variable and sometimes as variable as the non-coding regions (see section 5
below). This leads to unexpectedly high intraspecies diversity assisting in the detection of
heteroplasmy (see section 4 below).
In terms of DNA content, the numbers of organelles and copies of their genome
are not necessarily associated with one another and are highly variable across taxa
ranging from hundreds to thousands of copies per cell (Coleman & Nerozzi, 1999;
Preuten et al., 2010; Zoschke, Liere, & Börner, 2007). Replication of DNA within
organelles is disjunct from nuclear DNA replication. That is, replication of these genomes
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does not parallel that of the nuclear genome nor, in general, the cell cycle (Clay Montier
et al., 2009). In fact, the number of organelles found within a cell varies greatly, from as
low as 10 to hundreds of thousands for mitochondria (Galtier, 2011) and 20 to hundreds
for plastids in angiosperms (Sakamoto, Miyagishima, & Jarvis, 2008). The number of
genomes found within a single organelle can also vary. A single mitochondrion may
contain only a small part of the entire mitochondrial genome or even no DNA
whatsoever, while others may contain several copies of the whole genome (Preuten et al.,
2010). Indeed, the notion that mitochondria are discrete entities within the cell may not
be entirely correct. Studies of mitochondrial dynamics have revealed that mitochondria
are fluid structures with indefinite shapes and sizes that fuse and divide somewhat
randomly within the cell (Logan, 2006; Logan & Leaver, 2000; Wang et al., 2015).
Furthermore, mitochondria form tubules that connect mitochondria to one another,
forming a large mitochondrial network across the cell, and since the mitochondrial
tubules contain mitochondrial matrix, movement of protein products and DNA is possible
across the cell’s volume (Wang et al., 2015). This fluidity allows the mitochondrial
genome to be scattered around a cell’s population of mitochondria in what is known as a
chrondriome (Logan, 2006). For a single chloroplast, the number of genomes can vary
from at least 10 to hundreds and varies depending upon developmental stage (Zoschke et
al., 2007). Even the plastid genome may find itself in a linear, concatemeric, or even
branched form (reviewed in (Maréchal and Brisson, 2010). Plastids also have stromules
that connect one to another under stress situations, though this is less studied (Brunkard,
Runkel, & Zambryski, 2015; Schattat, Klösgen, & Mathur, 2012). As such, even though
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the number of genes can vary, the total mitochondrial or plastid genome is not haploid,
but polyploid at the cell level (Preuten et al., 2010).

3.3 Structure, recombination, and substoichiometric shifting within organellar
genomes
The structure of organellar genomes is highly variable and is consistently not
detected as a static circular genome (Delene J. Oldenburg & Bendich, 2015), although a
“master circle” is a convenient mapped arrangement for many species (Mower, Case,
Floro, & Willis, 2012; Delene J. Oldenburg & Bendich, 2015; Sloan, 2013). In fact, many
different structures are found within organellar genomes in vivo. Only some plastid
genomes have been observed as circular, e.g. Arabidopsis, Nicotiana, and Pisum (Lilly,
Havey, Jackson, & Jiang, 2001). A convincing visual example is found in tobacco. Lilly
et al. (2001) found circular plastid genomes using fiber-FISH in vivo. A circular molecule
was potentially found in the mitochondrial genome of the moss Physcomitrella as a
fragment length variant (~300 kb; Terasawa et al., 2007), although the authors also
suggest it could be a composite of linear multimers as is found in Marchantia (D J
Oldenburg & Bendich, 1998; Delene J. Oldenburg & Bendich, 2015). Tobacco
mitochondrial DNA molecules have been found as branched linear fragments, as well.
This is posited to be the result of recombination-dependent DNA replication (D.
Oldenburg & Bendich, 1996). In contrast to most of the sampled mitochondrial genomes
in animals, plant organellar genomes contain introns. For example, Chlamydomonas has
introns in both plastid (psaB and psbC) and mitochondrial (rrnL) genes (Korpelainen,
2004), and the tobacco plastid genome has 15 genes that contain introns (Shinozaki et al.,
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1986). Palmer et al. (2000) determined that there has been an extraordinarily numerous
acquisition of homing intron I group in 48 of 281 angiosperm species, notably within the
mitochondrial cox1 gene.
Recombination occurs in the plastid genome but usually not as frequently as in
the mitochondrial genome (reviewed in Maréchal and Brisson, 2010; Wolfe and Randle,
2004). A mitochondrial example was provided in two plant studies where the fourgamete rule was demonstrated for atpA and cob in Silene (McCauley & Ellis, 2008) and
atp9 and atp1 in wild carrot, D. carota (Mandel, McAssey, Roland, & McCauley, 2012).
Recombination within organellar genomes is facilitated by the frequent fission and fusion
of organelles (mitochondria, Logan, 2010); less likely are the plastids, Medgyesy, Fejes
and Maliga, 1985); (Hanson & Sattarzadeh, 2011). These and other studies have pointed
out that, should recombination occur between genomes that are not sufficiently variable
from one another, no new allelic combinations would be found. Indeed, the genus Silene
is highly variable in regard to the mitochondrial genome structure: within the genus the
size of the genome ranges from 250 kb to 11.3 Mb in size. Incredibly, this is nearly the
full range of the mitochondrial genome found within all angiosperms (Sloan et al., 2012).
Recombination within repeat regions creates an interesting feature of these
genomes: subgenomic fragments (sublimons, chromosomes, subgenomic
circles/molecules). The subgenomic nature of the mitochondrial genome reaches its
fullest extreme in Silene. With such large mitochondrial genomes, some species of Silene
are described as being comprised of chromosomes. Chromosomes within the
mitochondrial genome are also variable in structure and number. That is, they are not
“finished” chromosomes, as described in Bendich (2007), especially when compared to
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nuclear chromosomes. For example, even though the mitochondrial genome contains
only a few dozen genes and would not be expected to have more chromosomes than
genes, S. noctiflora has a surprising 50 mitochondrial chromosomes, totaling some 7 Mb
in size, yet even within the species, two populations were found to vary by 19 entire
chromosomes, even though high similarity was found in the coding regions, with only 9
SNP sites found in 25 kb of protein coding sequences (Wu et al., 2015).
The multipartite structure (being composed of subgenomic fragments which have
flexible structures) of organellar genomes allows for a phenomenon called
substoichiometric shifting (SSS). In Arabidopsis the single stranded DNA binding protein
OSB1 is required for mitochondrial DNA stability and the correct stoichiometric
transmission of mitochondrial DNA (Zaegel et al., 2006). OSB1 is expressed in
young/gametophytic tissues (i.e., bud shoots/megagametophytes). When it is knocked-out
through a T-DNA insertion, mitochondrial recombination products accumulate, and
phenotypes of leaf distortion and variegation develop. Through DNA gel blot
hybridization, it was shown that mutant DNA patterns differed from wild-type around
several genes, and the substoichiometry was altered as additional DNA fragments were
found whereas others were not visible in the mutants (Zaegel et al., 2006). An interesting
study was carried out by Preuten et al. (2010). Here the authors investigated the copy
numbers of individual mitochondrial genes in different Arabidopsis organs and tobacco
leaves. They determined that atp1, rps4, nad6 and cox1 differ in copy numbers from one
another and between organs and during development from the cotyledon to leaf stage in
Arabidopsis, although there was an increase in the number of organelles and organellar
genomes with an increasing size (Preuten et al., 2010).
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4 Molecular methods of detection
The molecular detection of heteroplasmy is contingent upon the degree of
divergence among genomic variants, the ratio of genomic variants within the individual,
and the sensitivity of the detection method. For example, in methods that rely upon PCR
for the detection of heteroplasmy, the selective amplification of the major variant in a
sample may hinder identifying rare variants. Methods of detecting heteroplasmy have
progressed as molecular techniques have advanced, especially sequencing technologies.
Numerous studies have detected heteroplasmy from controlled cross experiments where
departures from strict maternal inheritance (i.e., paternal leakage) are found (e.g.,
Aegilops and Triticum, Aksyonova et al., 2005; Helianthus, Ellis, Bentley and McCauley,
2008; Passiflora, Hansen et al., 2007; Medicago, Masoud, Johnson and Sorensen, 1990;
Silene, McCauley et al., 2005). Evidence for such departures are often noted in crosses
between divergent parents, often different species, leading to the concept that perhaps
paternal leakage, and the resulting heteroplasmy, are more common in wide crosses
(Barr, Neiman and Taylor, 2005; Rokas, Ladoukakis and Zouros, 2003; Xu, 2005).
However, it is difficult to disentangle whether increased evidence for paternal leakage
and heteroplasmy result from a breakdown of the mechanisms that maintain maternal
inheritance or, since divergent parents are likely more different at the sequence level, a
detection bias exists. For example, some gynodioecious species (see Section 5) also have
high levels of paternal leakage (McCauley, 2013; McCauley & Olson, 2008; Pearl,
Welch, & McCauley, 2009), and given that paternal leakage occurs, the differing
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haplotypes create sufficient intra-individual variation that heteroplasmy can be detected
(McCauley, 2013).
In the following section, we review the different kinds of molecular methods for
heteroplasmy detection and key studies that have utilised a given method including, when
possible, information about the experimental setting for the finding. We also note when
structural (large-scale rearrangements) versus sequence (single nucleotide
polymorphisms, SNPs or insertion-deletion polymorphisms, INDELS) heteroplasmy has
been identified.

4.1 As fragment length variation
Restriction Fragment Length Polymorphisms (RFLPs) are variants that show
length variation of DNA fragments (as visualised using gel electrophoresis) following
digestion by restriction enzymes. Both structural (large-scale deletions, duplications) and
sequence variants of the organelle genome can be detected via Southern blot type
analyses. In the case of detecting heteroplasmy, typically plastid DNA is isolated from
nuclear and mitochondrial DNA in tissue samples. In Medicago, Johnson and Palmer
(1989) detected plastid heteroplasmy using restriction enzyme analysis (XbaI), filter
hybridization, and autoradiography techniques using plastid probes taking advantage of
RFLPs among accessions of M. sativa including several subspecies and other Medicago
species. The authors identified heteroplasmic plants in the cultivar line M. sativa cv
Regen S, as well as, one M. scutellata plant and interpreted its presence as resulting from
biparental inheritance of plastid DNA in Medicago. Prior to their work, biparental
transmission of plastids was reported to occur at a high frequency in Medicago (Smith,
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Bingham, & Fulton, 1986). Hansen et al. (2007) employed a similar approach in
Passiflora experimental crosses but digested total extracted DNA and used radiolabeled
Nicotiana tabacum L. plastid DNA probes. This study detected heteroplasmy and
extensive paternal leakage in both intra- and interspecific crosses.
Instead of first digesting whole organellar DNA, a PCR of specific genes or
regions of the organellar genome can be amplified first and then incubated with
restriction enzymes that target particular restriction sites in the gene (RFLP-PCR). In
Kiwifruit, Actinidia deliciosa, Chat et al. (2002) used fragment length variation in the
psbC and trnS region (along with pGEM-T Vector cloning of the PCR product and
Sanger sequencing) to report a mixed population of plastid genomes within an individual.
Heteroplasmy in the gynodioecious Silene vulgaris was detected in a small number of
individuals using RFLPs obtained by digesting (using AluI, MspI, or DdeI) the PCR
products from the amplification of the mitochondrial genes atp1 and cox1 and visualizing
the products using agarose gel electrophoresis (McCauley et al., 2005). Given that
heteroplasmy may be in uneven ratios, (e.g., 95% Type 1 to 5% Type 2), and thus the
major variant may outcompete the minor during PCR or be too little to detect via agarose
gel electrophoresis, McCauley et al. (2005) devised a clever variant on the RFLP-PCR
method to "knockdown" the major variant in the sample. Taking advantage of a SmaI
restriction site in a subset of the haplotypes discovered in their population sampling, the
authors digested whole genomic DNA with SmaI prior to PCR amplification which
should inhibit the amplification of the haplotypes containing the restriction site. This
approach revealed cryptic heteroplasmy in 24 out of 119 sampled individuals.
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The above approaches usually target SNP variation by taking advantage of the
presence or absence of a restriction site within a sample of DNA or a target sequence.
Microsatellite repeats, or Simple Sequence Repeats (SSRs), present within an organellar
genome, usually the plastid genome, have also been employed to detect within individual
variation. Typically, following amplification of the SSR locus, fragments are visualised
using fluorescence-based capillary electrophoresis (such as the Fragment Analyzer by
Advanced Analytical Technologies or an Applied Biosystems DNA Analyzer).
Employing this approach, Ellis et al. (2008) studied the inheritance of plastid SSRs in 45
controlled intraspecific crosses of Helianthus verticillatus. Their study identified 6/323
offspring which were heteroplasmic comprising the variant of the maternal parent, as
well as, the variant of the paternal parent. In each of these cases, a primary or major
haplotype was detected, and the authors only considered cases in which the minor variant
was at least 10% of the primary fragment peak fluorescence level. Overall, their study
reported heteroplasmy in 1.86% of the sampled individuals, yet they noted that because
the detection sensitivity of their approach required a minimum of 10% fragment peak
fluorescence, some heteroplasmy was likely undetected and remained cryptic.
Length variants resulting from insertion-deletion polymorphisms (INDELS)
within the plastid genome also serve as a marker to detect heteroplasmy. In natural
populations of wild D. carota and several cultivar D. carota lines, Mandel et al. (2016)
fluorescently labeled PCR product of the trnS to trnG spacer region using the ‘S’ and ‘G’
primers from Hamilton (1999). Labeled fragments were visualised via fluorescence-based
capillary electrophoresis and individuals showing more than one allele signal were
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characterised as heteroplasmic. Their study detected heteroplasmy in 36 wild D. carota
plants and in five cultivar D. carota lines.

4.2 By Quantitative (Real-time) PCR
While the above methods provide qualitative evidence of heteroplasmy,
approaches using Quantitative, or Real-time, PCR (Q-PCR) allow a quantitative
assessment of heteroplasmy. Investigating previously documented (via PCR-RFLP) Rand S-haplotype heteroplasmy in Senecio vulgaris, Frey et al. (2005) made use of allelespecific primers for the R-haplotype for a plastid triazine-resistance determining site in
psbA. This approach used SYBR Green as a fluorescent reporter in the Q-PCR and
included mixtures of the R- and S-haplotypes as standards comprising 100, 25, 5, and
1%. Unknowns were run and quantified using mixtures as data standards to quantify
heteroplasmy. Similar studies have been carried out in the gynodioecious Silene vulgaris
using Q-PCR using of TaqMan probes (instead of SYBR Green) that distinguish different
mitochondrial gene haplotypes (Bentley et al., 2010; Feng, Kaur, Mackenzie, & Dweikat,
2009; Welch, Darnell, & McCauley, 2006). In these studies, Q-PCR was carried out
employing two haplotype-specific TaqMan probes for allelic discrimination. The probes
each included a 5’ reporter dye either 6-FAM or VIC. As in the Senecio study (and
Plantago described below), artificial mixtures of the two haplotypes (alleles) were
created to use in linear regression for quantifying the level of heteroplasmy. These QPCR Silene studies also used the "knockdown" method of McCauley et al. (2005) to
allow for the detection of rare heteroplasmic variants. From this work, McCauley and
colleagues demonstrated that mitochondrial heteroplasmy of the cox1 and atp1 genes was
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pervasive and often resulted from occasional paternal leakage in the species. Following
similar approaches targeting SNP variants and Q-PCR, work from our own lab (Mandel
& McCauley, 2015; Mandel et al., 2016) identified extensive heteroplasmy in the cox1
and atp9 genes in D. carota, another gynodioecious species.

4.3 By chain-termination DNA sequencing
The detection of heteroplasmy via chain-termination sequencing and capillary
electrophoresis (Sanger Sequencing) comprises amplifying a region of the mitochondrial
or plastid genome via PCR and then directly sequencing the product or via cloning (e.g.,
pGEM-T Vector) the PCR product and then sequencing. Heteroplasmy is usually
detected as an overlay of more than one SNP signal (peaks) in the electropherogram (Roy
& Schreiber, 2014). In a study of mitochondrial variants of the gynodioecious Plantago
lanceolata, Levsen et al. (2016) used PCR amplification of two genes, atp6 and rps12,
along with cloning and sequencing of the resulting PCR product. In order to estimate the
heteroplasmy ratios for each gene, the authors generated artificial mixtures of the two
SNPs found within their samples (100% T, 5:95, 10:90, 20:80, 30:70, 40:60, 60:40,
70:30, 80:20, 90:10, 95:5 to 100% C). The authors then used linear regression of the
mixture ratio against the mean peak height from the sequencing output chromatograms.
Using this approach, 15/179 heteroplasmic variants were detected from 6/10 European
populations. Another study using Sanger sequencing for heteroplasmy detection was
reported in a follow-up to the Medicago work above (Johnson & Palmer, 1989)
describing heteroplasmy in the M. sativa cv Regen S line (Fitter et al., 1996). In this
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subsequent work, Fitter et al. (1996) confirmed Johnson and Palmer's finding using DNA
sequencing by the chain-termination method.

4.4 By Next-Generation Sequencing
The detection of heteroplasmy via massively parallel, or Next-Generation
Sequencing (NGS), is becoming increasingly common. Whereas most of the work
described above has focused on a few genes or regions of an organellar genome, NGS
allows for the detection of heteroplasmy across entire genomes. A typical workflow
consists of extracting organellar reads by mapping/aligning (e.g., using Bowtie2,
Langmead and Salzberg 2012 or BWA, http://bio-bwa.sourceforge.net/) to a reference
mitochondrial or plastid genome. Following this, various SNP calling tools are used
including GATK (McKenna et al., 2010), SAMTOOLS (Li & Durbin, 2009), or
VARSCAN (Koboldt et al., 2012). Scarcelli et al. (2016) provide a thorough comparison
on these SNP calling methods (including using them to identify heteroplasmy) and
compare findings to Sanger sequencing results in the palm genus Podococcus. These
authors concluded from an evaluation of nine bioinformatics pipelines, VARSCAN was
most effective for calling SNPs in the plastid genome for their species, and they provided
recommendations for handling plastid polymorphic SNPs.
Since other processes may generate false positives of heteroplasmy, including
sequencing/genotyping error, and transfers among the three plant genomes, taking a
conservative approach toward identifying heteroplasmy from NGS data is warranted.
While these processes that can generate false heteroplasmy are issues for all detection
methods of heteroplasmy, they may be especially problematic when sequencing total
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genomic DNA (nuclear, mitochondrial, plastid) using methods that have somewhat high
error rates (e.g., particular types of NGS approaches). Therefore, it may be advisable to
take a conservative approach when identifying heteroplasmy from NGS data. To this end,
Sabir et al. (2014) excluded any region which mapped to both the mitochondrial or
plastid genome when detecting heteroplasmy in Date Palm (Phoenix dactylifera). When
they did this, they eliminated most of the heteroplasmic sites of the mitochondrial
genome, but at least 30 sites in the plastid genome remained. One step further, when
possible, would be to map to the nuclear genome and eliminate any regions that also map
to this genome to avoid potential false positives resulting from DNA transfer--an
approach we are taking in our own work (unpublished data).

5 Gynodioecy, paternal leakage, heteroplasmy
Among flowering plants, several different types of breeding systems are found
(Glick, Sabath, Ashman, Goldberg, & Mayrose, 2016; McCauley & Bailey, 2009; Neal &
Anderson, 2005; Pannell, 2002). The majority of angiosperms are hermaphroditic (>72
%; Yampolsky and Yampolsky, 1922), but gynodioecy, in which females coexist with
hermaphrodites (Glick et al., 2016), is the second most common breeding system (as
defined by Neal and Anderson, 2005). Still, the number of species exhibiting gynodioecy
is relatively small: out of the 250,000+ angiosperm species, 1,325 of them (<<1 %) and
only 275 out of the 14,559 (1.8%) angiosperm genera have been described as being
gynodioecious (Caruso, Eisen, & Case, 2016; Charlesworth, 2002; Renner, 2014).
Although the number of gynodioecious species is relatively small, it is found in many
diverse angiosperm families (at least 50, see Table 1 for a subset of families; Jacobs and
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Wade, 2003) and has been associated with temperate climates and herbaceous growth
patterns (Caruso et al., 2016). Notable genera containing gynodioecious species include
Bidens (Schultz, 2009), Silene (Garraud, 2011), Brassica (Montgomery, Bailey, Brown,
& Delph, 2014), Daucus (Mandel et al., 2016), Fragaria (Ashman et al., 2015), Plantago
(Levsen et al., 2016), Oryza (Yamagata, Doi, Yasui, & Yoshimura, 2007), and Zea
(Forde, Oliver, & Leaver, 1978) from the families Asteraceae, Caryophyllaceae,
Brassicaceae, Apiaceae, Rosaceae, Plantaginaceae, and Poaceae, respectively.
Unique features underlie the gynodioecious breeding system. Gynodioecious
species contain male-sterile (female) and hermaphroditic individuals. Male-sterility can
be a nuclear-encoded trait (Burgess et al., 2002; Junfang Chen, Hu, Vick, & Jan, 2006;
De Block, Debrouwer, & Moens, 1997; Mariani, Beuckeleer, Truettner, Leemans, &
Goldberg, 1990), but in many instances, the cause of male-sterility is cytoplasmic (Jacobs
& Wade, 2003; McCauley, 2013; Wade & McCauley, 2005). There are several known
mechanisms of cytoplasmic male sterility (CMS), and the genes involved have been
identified in only a few species, such as maize (Zea mays), beans (Phaseolus vulgaris)
and in species of Brassica (Mackenzie & Chase, 1990; Pelletier & Budar, 2007). In some
types of CMS, in otherwise typically wild-type individuals, a ‘brown anther’ phenotype
develops, where a mitochondrial mutation causes apoptosis in developing anthers and no
viable pollen. Alternatively, there are some homeotic mutations arising from the
mitochondrial genome. These genes code for a retroactive signal to the nucleus where it
alters transcription factor activity of MADS-box genes, i.e. those involved in floral
development (Linke, Nothnagel, & Börner, 2003). Consequently, various homeotic
mutants have been characterised. In some individuals, would-be anthers develop into
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petals, sepal-like structures, or even carpels (Kitagawa, Posluszny, Gerrath, & Wolyn,
1994). An example is found in D. carota in which all three types of CMS have been
observed (Linke et al., 2003; Scheike, Gerold, Brennicke, Mehring-Lemper, & Wricke,
1992). Restorers to such CMS alleles are located in the nuclear genome (Bailey & Delph,
2007; Barr & Fishman, 2010; Wade & McCauley, 2005), and many CMS-nuclear
restorers can exist within a single species (Touzet & H. Meyer, 2014; Wade &
McCauley, 2005), as in Plantago coronopus (van Damme, Hundscheid, Ivanovic, &
Koelewijn, 2004). Disruptions between these CMS and restorer alleles can cause an
increase in the CMS phenotype, particularly in hybrid species, such as that found in
Mimulus hybrids (Fishman & Willis, 2006).
There is clear evidence of paternal leakage and heteroplasmy occurring often in
gynodioecious species, potentially more than would be predicted. Interestingly, another
characteristic of gynodioecious species is that the coding regions of the mitochondrial
genomes are highly variable, much more so than non-gynodioecious species. So, should
paternal leakage occur in these species, there is a likely probability that heteroplasmy will
be created in the resulting offspring. The high amount of mitochondrial genome diversity
found within these species allows for the detection of paternal leakage and heteroplasmy
with relative ease using a variety of molecular techniques (see section 4). Evidence
continues to accumulate from two well-studied genera, Silene and Daucus. In Silene
vulgaris, for example, Welch, Darnell and McCauley (2006) report that the atpA gene has
heteroplasmy levels up to 29% in some wild populations, and that patterns of inheritance
suggest heteroplasmy of both the atpA and cox1 genes. Additionally, patterns of nonneutral evolution were significant for atp1 and atp9, indicative of a balanced and
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maintained polymorphism, and recombination between mitochondrial genes and within
the mitochondrial gene atp1 implies that there has been at least transient mitochondrial
heteroplasmy in ancestral lineages (Houliston & Olson, 2006). In 318 S. vulgaris
controlled crosses, only 96% showed strict maternal inheritance, with the remaining
receiving some level of paternal leakage of mitochondrial (McCauley et al., 2005).
Likewise, in D. carota, there is evidence of paternal leakage and heteroplasmy. All four
possible two-locus genotypes were observed between the atp1 and atp9 genes in wild
populations of D. carota in two separate studies (Mandel et al., 2012; Mandel &
McCauley, 2015). This suggests that previous biparental inheritance of the mitochondrial
genome occurred which allowed for recombination between the genes. In other wild
populations of D. carota, heteroplasmy was found at levels up to 30% for the atp9 and
50% for cox1 (Mandel et al., 2016).
The maintenance of heteroplasmy (even low levels) within individuals and across
generations is remarkable. Within an individual, bottlenecks occur with each cell division
event, and the germline bottleneck was believed to limit organellar variation from one
generation to the next (modeled in Bergstrom and Pritchard, 1998; Clark, 1988; Roze,
Rousse and Michalakis, 2005). However, this is not necessarily the case. With an
increase in paternal leakage, intra- and interindividual variation increases (Figure 1).
Clark (1988) modeled sampling, mutation, and paternal leakage and found that a balance
between sampling effects allows heteroplasmy to be maintained within a population.
Dornier and Dufay (2013) modeled gynodioecy and sex ratios with the effect of selfing
rate, inbreeding depression, and pollen limitation. The authors did not investigate paternal
leakage or heteroplasmy, but they determined that polymorphisms governing the
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gynodioecious breeding system could be maintained depending on whether the nuclear
restorer cost affects males or females (Dornier & Dufay, 2013). Going further, Wade and
McCauley (2005) determined that low levels of paternal leakage were sufficient to
maintain stable and persistent heteroplasmy in populations. It has long been suggested
that female fitness increases relative to hermaphrodites (Bailey & Delph, 2007; Birky,
2006; Delph & Kelly, 2014; Touzet, 2012) but only at low female:hermaphroditic ratios.
In such a situation, the CMS cytoplasm would be expected to increase over time, yet at
some point the population would reach pollen-limitation due to the high levels of females
with local extinction likely. As there are typically several CMS-nuclear restorers in a
species, paternal leakage of wild-type alleles could reduce the possibility of allelic
fixation (Wade & McCauley, 2005). Thus, balancing selection potentially plays a role in
maintaining CMS polymorphisms due to selection for paternal leakage of organelles
which likely generates (or supports levels of) heteroplasmy in the offspring.

6 Consequences of heteroplasmy and topics in need of further study

6.1 The potential to generate genotypic novelty and contribute to organellar
evolution
The long-held view that organellar genomes evolve only as asexual entities with
little opportunity for the evolutionary processes that act in sexual lineages is increasingly
being challenged (reviewed in McCauley, 2013). Recombination that generates genotypic
novelty, a key feature of sexual systems, is a potential outcome when heteroplasmy is
present (through recombination between differing genomes) and suggests that organellar
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genomes need not evolve in an entirely asexual fashion. Instead, organellar genomes may
be placed on an asexual-to-sexual continuum (as described in McCauley, 2013) and
genetic/genomic information can be used to quantify the degree of sexuality. In
particular, heteroplasmy provides opportunity for evolutionary processes such as
selection, mutation, and drift to act within individuals (Birky, 1973; Eberhard, 1980;
Galtier, 2011).
Recent mathematical modeling has shown that given any non-neutral mutation
(advantageous or deleterious), selection against heteroplasmy can lead to the evolution of
uniparental inheritance, as is the norm for eukaryotes (Christie & Beekman, 2017b,
2017a; Christie, Schaerf, & Beekman, 2015). Based on these observational and
theoretical findings, it would follow that there could be strong selection against the state
of heteroplasmy in organisms (Rand, 2001). However, others have postulated that
heteroplasmy could be maintained by balancing selection (e.g., Doublet et al., 2008; see
Section 5). Some authors have suggested that within-individual selection on organellar
genomes provides a potential mechanism for the individual to rapidly adapt (e.g., Christie
and Beekman, 2017a, 2017b; Korpelainen, 2004; Woloszynska, 2010)). In addition, the
potential for genetic or genomic conflict with the nuclear genome is of much interest
(Burt & Trivers, 2006; McCauley, 2013). Thus, the role of adaptive selection in
heteroplasmy, cytonuclear interactions, and the evolution of organellar genomes remain
open questions.
In our own work, we have documented heteroplasmy in the mitochondrial and
plastid genomes of wild carrot, D. carota ssp. carota (Mandel et al., 2012, 2016; Mandel
& McCauley, 2015). Wild carrot is an adventive plant species that is native to the Middle
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East and is the progenitor of the cultivated carrot (ssp. sativus). In natural populations of
wild carrot within the United States, we have documented both indirect and direct
evidence for substantial levels of heteroplasmy at two mitochondrial loci and one plastid
locus. An intriguing finding of this work is that heteroplasmy can provide the raw
material for recombination to generate genotypic novelty (Mandel et al., 2012; see also
McCauley and Ellis, 2008). We postulate that rare paternal inheritance (i.e., leakage) may
be one source of heteroplasmy in carrot. To this end, we have also investigated whether
the assumption of strict maternal inheritance is valid using controlled crosses as a part of
a USDA-NIFA funded project to understand pollen flow between crop and wild carrot
aimed at assessing the risk of paternal leakage in this system. Our results demonstrate
that some degree of paternal inheritance can occur in this species and similar findings
have previously been reported in the genus Daucus (Boblenz, Nothnagel, & Metzlaff,
1990).
Low levels of heteroplasmy (either within or among individuals) may not
significantly contribute to evolutionary processes and are effectively neutral sources of
variation. Substantial levels (and these levels may vary in different systems) of
heteroplasmy may in turn provide genetic variation for selection to act upon, may allow
for the generation of genotypic novelty via recombination, and may alter cytonuclear
interactions. The argument that heteroplasmy facilitates co-adaptation between the
genomes by maintaining associations between the nuclear and organellar genomes has
been put forth as an explanation of heteroplasmy in animal systems (Havird, Whitehill,
Snow, & Sloan, 2015; Sharpley et al., 2012). Given the complex interactions and
coordination between the nuclear and organellar genomes, Wolff et al. (2014) suggest
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that heteroplasmy may allow for ‘matching’ of nuclear and mitochondrial encoded gene
products (which interact closely) in the face of nuclear heterozygosity and/or gene
duplicates. This suggestion provides the testable hypothesis of whether interacting
organellar-nuclear genes show correspondingly higher levels of heteroplasmyheterozygosity. As an extension of our heteroplasmy work in carrot, we have also
investigated whether patterns of cytonuclear linkage disequilibrium are different in
heteroplasmic and homoplasmic individuals. Intriguingly, for both the mitochondrial and
plastid genomes, heteroplasmic individuals demonstrate greater levels of cytonuclear
linkage disequilibrium when compared to homoplasmic individuals (Ramsey & Mandel,
unpublished data). This is an area of inquiry in plants where more work is needed to
explore the potential for cytonuclear interaction and coadaptation.
Interesting discoveries have recently been made in the levels of linkage
disequilibrium (LD) in Silene and Daucus. In a static, circular genome, genes are
physically linked to one another, and thus, mitochondrial genomes are expected to have
high levels of LD. However, genes found on the multipartite mitochondrial genome of
plants can be physically unlinked from one another, analogous to genes found on separate
chromosomes within the nuclear genome. As such, in the heteroplasmic state,
independent assortment of mitochondrial genes occurs. This should lower the levels of
LD on these genomes, and in fact, overall levels of LD have been found to be much
lower than expected for the mitochondrial genome (Fields et al., 2014; Mandel et al.,
2012; Mandel and McCauley, 2015; Ramsey & Mandel, unpublished data). Modest levels
of LD (~0.5) were recently found in D. carota (Mandel et al., 2012; Mandel &
McCauley, 2015) and S. vulgaris (Bentley et al., 2010; McCauley & Ellis, 2008). In
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McCauley and Ellis (2008) LD varied between pairs of loci, with a range of 0.17 – 0.78,
indicating modest LD and the presence of an intermediate level of recombination in S.
vulgaris as LD did not equal 0 nor 1. Additionally, LD values have been shown to vary
over time. Four of 14 cytonuclear associations showed a significant shift over ~7
generations in another Silene, S. latifolia (Fields et al., 2014). As yet, no published study
of cytonuclear LD has investigated how heteroplasmy may influence levels of LD within
the mitochondrial genome or LD between the mitochondrial and nuclear genomes.
However, there is evidence that LD varies between heteroplasmic and homoplasmic
individuals of D. carota (Ramsey & Mandel, unpublished data).

6.2 Gene flow and measures of population structure
Since the composition of organellar genomes is usually considered to be
homogeneous (homoplasmic) and they are typically uniparentally inherited, these
genomes are often described as haploid (i.e., even though there may be many copies, they
are identical). Given this, the effective population size should be reduced (roughly fourfold) when compared to that of a diploid, biparentally-inherited nuclear genome, and as
such organellar genomes should experience more effective genetic drift (Birky, 1983;
Takahata & Maruyama, 1981). This difference, coupled with the generally lower
dispersal of seed vs. pollen, is given as the explanation as to why measures of genetic
population structure are higher for organellar genomes when compared to the nuclear
genome. For example, Petit et al. (2005) reviewed measures of GST (an analog of FST) in
the literature and reported a mean of 0.637 across maternally-inherited angiosperm
organellar genomes compared with 0.184 for the biparentally-inherited nuclear genome.
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If, however, heteroplasmy results from paternal leakage of plastid or mitochondrial
genomes in pollen, then measures of population structure could be lower (i.e., more gene
flow). This was proposed as an explanation for the lower than expected organellar FST
measures in a study of mitochondrial and plastid genes in wild carrot (Mandel et al.,
2012, 2016). Inspection of the raw data from Petit et al. (2005) reveals reported measures
of population structure of maternally-inherited genomes as low at 0.05 (18 studies finding
measures of GST 0.30 and below). Certainly, the focal taxa of these studies (in families:
Apiaceae, Asteraceae, Betulaceae, Brassicaceae, Caryophyllaceae, Lamiaceae,
Myrtaceae, Orchidaceae, Rosaceae, Salicaceae, Vitaceae) would interesting groups to
address paternal leakage and the potential for heteroplasmy.

6.3 The potential to influence phenotype, especially fitness
Phenotypic consequences of heteroplasmy, non-uniparental inheritance,
recombination, and differential modes of selection have been explored in animal
mitochondrial genomes (reviewed in Barr et al. 2005), and mitochondrial heteroplasmy
has long been suggested as a contributor to disease and aging in mammals (Lightowlers,
Chinnery, Turnbull, & Howell, 1997). In plants, these processes have been documented
but without such a link to the consequences for the fitness of the organism or a deeper
understanding of their influence on variation and evolution of organellar genomes.
Therefore, an unanswered question in plants is whether phenotypic differences exist
between heteroplasmic and homoplasmic individuals, and if so, which genes/regions
when found in the heteroplasmic state affect phenotypes? Few studies have explicitly
attempted to link heteroplasmy and phenotypic effects in plants (Albert et al., 2003;
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dissertation of Floro, 2011). Addressing this question would require determining if there
is a threshold effect. It is known that stable heteroplasmy levels within an individual can
be quite low, so it seems likely that only at some threshold level would fitness effects be
detectable.
Heteroplasmy of normal and defective mitochondrial mutant genomes can lead to
phenotypic abnormalities such as CMS (see section 5), where male reproductive function
is partly or completely disrupted (Schnable, P. S. & Wise, 1998). In an interesting case of
SSS in Brassica napus, Chen et al. (2011) suggested that differences in copy numbers of
the pol-CMS and nap mitotypes could explain male sterile and fertile phenotypes. In this
example, a heteroplasmy-threshold effect may confer a fitness advantage to females.
Paternal leakage and heteroplasmy are often posited to disrupt cytonuclear interactions,
but Barnard-Kubow, McCoy and Galloway (2016) found biparental inheritance
commonplace in Campanulastrum americanum, which restored cytonuclear
incompatibility which would otherwise occur through hybridization between divergent
populations in the eastern United States. Though beyond these examples, very little work
in plants has been carried out (McCauley, 2013). In tobacco, a simple rearrangement
which resulted from a recombination event was associated with a greater stem height and
later flowering, traits suggested to be advantageous for the plant (Albert et al., 2003).
Findings such as these suggest that heteroplasmy can provide the genetic material to
generate genotypic novelty and have phenotypic consequences (for example, implications
for crop improvement) within an individual in the span of just one generation.
The state of being heteroplasmic (regardless of the amount or degree) for
mitochondrial genomes is often deleterious to organismal phenotypes or health (and very
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little is known about plastid heteroplasmy and its link to phenotypes). In humans,
mitochondrial heteroplasmy is often associated with mitochondrial disease, aging, and
cancer (reviewed and discussed in (Wallace, 2005; Wallace & Chalkia, 2013). In fact, the
study of heteroplasmy has major implications for understanding human health where
mitochondrial heteroplasmy is associated with numerous disorders (Stewart & Chinnery,
2015). As such, much work has been carried out to understand the causes and
consequences of mitochondrial heteroplasmy in animal systems, yet studies investigating
fitness gains/losses in plants are lacking.

6.4 Consequences for phylogenetic studies
Heteroplasmy is important to recognise in phylogenetic studies both in generating
and analyzing data and in the interpretation of findings (reviewed in Wheeler et al., 2014
and Wolfe and Randle, 2004). Heteroplasmy has been noted as minor peaks in the
chromatograms of Sanger Sequencing reads (see Section 4 above). Often, these minor
variants are not considered while analyzing data for phylogenetic studies, but if variants
are relatively common in the sample, haplotypes may be scored incorrectly (Wolfe &
Randle, 2004). In addition, the presence of heteroplasmy in NGS studies has been noted
to cause difficulty in de novo assembly of heteroplasmic regions (Lei et al., 2016). In our
own work reconstructing Asteraceae phylogenies, we suspect heteroplasmy has caused a
similar problem when attempting to assemble de novo plastid loci (Mandel, unpublished).
Also, within individual variation of plastid loci may be one cause of the conflicting
signals detected by Zeng et al. (2014) from plastid genome datasets when reconstructing
major angiosperm lineages.
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Widespread heteroplasmy in phylogenetic studies could result in the same types
of difficulties in identifying orthologs from paralogs of nuclear genes if the different
organellar genomes have experienced different phylogenetic histories. Heteroplasmy may
also lead to discordance among mitochondrial, plastid, and nuclear genomes. For
example, Hansen et al. (2007) report paternal leakage and heteroplasmy in the genus
Passiflora and note that a plastid phylogeny may not reflect accurate ancestor-descendant
relationships. Their work directly demonstrated this when a heteroplasmic individual
harboring two divergent plastid genomes was reconstructing in two different clades
(Hansen et al., 2006). Interestingly, we find evidence for heteroplasmy and paternal
leakage in crop and wild carrot (Mandel & McCauley, 2015; Mandel et al., 2016) and
previous authors have noted discordance between nuclear and organellar carrot
phylogenies (e.g., (Bradeen & Bach, 2002) that could be linked to the difficulties in
assigning orthology when genomes are heteroplasmic. Given these concerns, recent
authors have called for caution to be exercised suggesting that the presence of
heteroplasmy be assayed when using organellar data for phylogenetic studies (Wheeler et
al., 2014).

7 Conclusion
The occurrence of heteroplasmy has been described and studied in plants for over
100 years; however, recent studies have revealed that heteroplasmy is more common and
widespread than once thought (Barr et al., 2005; Kmiec et al., 2006; McCauley, 2013).
The view of organellar genomes being static, stable molecules is regularly shown to be
false. The results of the cytoploid nature of organellar genomes commonly allows for
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persistent heteroplasmy, often at high levels, which provides the opportunity for
evolutionary processes such as selection, mutation, and drift to act within individuals.
Recombination that generates genotypic novelty, a key feature of sexual systems, is a
potential outcome when heteroplasmy is present (through recombination between
differing genomes) and suggests that organellar genomes need not evolve in an entirely
asexual fashion. In fact, the genomes may be placed on an asexual-to-sexual continuum
(Fields et al., 2014)) and genetic/genomic information could be used to quantify the
degree of sexuality. Advances in sequencing technologies now permit the study of entire
organellar genomes within individuals as compared to only one or a few genes, so
heteroplasmy may likely be common and could thus be found more often than once
thought.
The occurrence of within-individual genetic variation raises profound questions
relating to evolutionary processes: How sexual are organellar genomes? How often does
within individual selection on organellar genomes occur? Does heteroplasmy influence
cytonuclear interactions? Is phenotypic variation associated with heteroplasmy? There is
a growing body of literature about the prevalence and consequences of heteroplasmy in
natural populations of plants. However, many questions still remain, and additional
studies including genome-wide analysis of heteroplasmy coupled with phenotypic assays
are needed to address questions about the cytoploid nature of organellar genomes and the
fitness effects and evolutionary significance of heteroplasmy.
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CHAPTER 3: MITOCHONDRIAL AND PLASTID HETEROPLASMY,
PHENOTYPIC DIFFERENTIATION, AND FITNESS IN WILD CARROT,
DAUCUS CAROTA

INTRODUCTION
Organelles are traditionally considered to be uniparentally-inherited, yet this is
often not the case in animals (Barr et al., 2005; Ladoukakis and Zouros, 2017) or in
plants (Kubo and Newton, 2008; McCauley and Olson, 2008). Instances of some level of
biparental inheritance of differing organellar genomes (see Figure 1 in Ramsey and
Mandel, 2019) can create within individual organellar genetic variation, i.e.,
heteroplasmy. Research into the effects of heteroplasmy on phenotype have often been
performed using heteroplasmic variants with known deleterious effects (Ye et al., 2014;
Chen et al., 2015; Lin et al., 2016), particularly in humans (Chinnery and Turnbull,
1999). The putative negative effects of heteroplasmy are suggested to be an evolutionary
mechanism to maintain uniparental inheritance (Birky, 1995); however, the occurrence of
heteroplasmy across many diverse taxa and its persistence in populations and across
generations (Chinnery et al., 2000; Taylor and Breden, 2002; Jayaprakash et al., 2014)
may indicate that heteroplasmy could confer neutral or beneficial effects on phenotype
(James and Ballard, 2003; McCauley, 2013).
While the mitochondrial and plastid genomes of plants contain genes essential for
metabolic functions, synonymous heteroplasmic variants within genes or those within
intergenic spaces should have neutral phenotypic effects. Given the large sizes of
mitochondrial and plastid genomes in plants relative to their gene content, most

80

heteroplasmic sites might be expected to be found within intergenic regions.
Furthermore, the high levels of recombination found within these genomes can create
additional heteroplasmic variants via recombination between two haplotypes. This
simulates the four-gamete rule of sexual genomes quite well (Wright et al., 2008; Mandel
et al., 2012). Heteroplasmic variants are not necessarily purged through the germline
bottleneck (Aanen et al., 2014), particularly if some level of biparental inheritance also
occurs (often termed maternal or paternal “leakage”) which would aid in the maintenance
of heteroplasmy across generations (Roze et al., 2005). As such, heteroplasmy as an
overall phenomenon may be more common than once believed.
A wealth of knowledge has been gained over the past several decades about the
detrimental effects associated with specific heteroplasmic variants (Chinnery and
Turnbull, 1999; Gorman et al., 2015), yet little is known about the possible beneficial
effects of heteroplasmy when it occurs within genes and when variants are nonsynonymous (Lane, 2011). An oft-cited example is found in gynodioecious species. Some
individuals of these species have mitochondrial haplotypes which cause male sterility
(Barr et al., 2005; Case et al., 2016). Theoretical (Delph et al., 2007; Touzet, 2012;
McCauley, 2013) and empirical (De Cauwer et al., 2012) studies have demonstrated that
females gain a selective advantage over hermaphrodites. Thus, male-sterile individuals,
functionally female, gain an increase in fitness as 1) resources can be directed solely to
seed production, rather than both seed and pollen production and 2) self-compatible
hermaphrodites are prevented from selfing and potentially producing substandard
offspring (Touzet, 2012).
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However, when populations become pollen-limited, selection will favor
hermaphrodites containing nuclear restorer alleles, and balancing selection between the
CMS and male-restored hermaphrodite phenotypes becomes perceptible. It has been
suggested that selection for paternal leakage may arise as leakage of organelles could
restore male fertility in offspring. Pollen produced in male-restored hermaphrodites
contain a complementary set of CMS-restorer alleles in the two genomes. Given
uniparental inheritance, the association may be disrupted as organellar genes from the
pollen would not be transmitted to offspring. Evolutionary forces acting on the nuclear
genome could permit (or favor) paternal leakage (Burt and Trivers, 2006; McCauley,
2013). Offspring between CMS and male-restored hermaphrodites would be male-fertile
and produce viable pollen, giving the nuclear genome a greater dispersal range than
nuclear genomes found in seed alone. Thus, the nuclear restorer allele would increase in
frequency until the population is no longer pollen-limited and selection will then again
favor CMS (Burt and Trivers, 2006).
Although this example illustrates leakage of specific CMS loci, if leakage does
occur, the entire genome should be leaked. Selection for organellar leakage and the
generation of heteroplasmy of CMS loci requires the generation of heteroplasmy across
the rest of the genome where haplotypes differ from one another. Creating potential
genome-wide heteroplasmy in this way raises further questions about its effect on fitnessrelated traits. Positive and negative selection may indeed act on phenotypes driven by
differences at other loci. Furthermore, when considering epistatic cytonuclear interactions
and, particularly, the added complexity of interactions between all three plant genomes
(Burton et al., 2013), it seems reasonable that each level of selection may occur.
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Organellar heteroplasmy may be the evolutionary analog to nuclear heterozygosity. Just
as some detrimental phenotypes are associated with nuclear heterozygosity (Prout, 1952;
Piálek and Barton, 1997), heterozygosity in a general sense is not considered a predictor
of disadvantageous fitness-related phenotypes (David, 1998; Szulkin et al., 2010). In a
similar manner, heteroplasmy in a general sense need not be considered a detriment to
fitness. Nuclear genomes contain at least two copies (potentially heterozygous) of each
gene associated with organellar genes and this may necessitate a corresponding state of
organellar heteroplasmy. The concept underlying heterozygosity-fitness correlations
(HFC) may be also underlie heteroplasmy-fitness correlations (HpFC).
To address whether heteroplasmy correlates with fitness-related traits, we
performed a common-garden greenhouse study using the gynodioecious species D.
carota. We used one mt locus and one plastid (pt) locus as proxies for heteroplasmy
across each organellar genome. The heteroplasmic variants of each locus are presumably
selectively neutral. The pt locus is intergenic, located between trnS and trnG (called StoG
here). The mt gene cox1 contains an intragenic synonymous substitution. We categorized
heteroplasmy for both organellar loci, and quantified the level of cox1 heteroplasmy. We
suggest that heteroplasmy may benefit fitness. If heteroplasmy is correlated with certain
fitness-related traits, trait differences will be apparent between heteroplasmic and nonheteroplasmic (homoplasmic) individuals. Additionally, as penetrance of a phenotype
may depend on the relative level of heteroplasmy (threshold effect), fitness-related traits
will have a relationship with the level of cox1 heteroplasmy.
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METHODS
Study Species–
One common gynodioecious species is Daucus carota, with a native distribution
around the Mediterranean Sea and in Southwest Asia and Europe. It has been introduced
the world over and is considered invasive in many locations where it has the potential to
disrupt native ecology (Ramsey et al., in prep). Several mt haplotypes are associated with
CMS in this species. Male-sterile phenotypes include aborted pollen, deformed anthers
(brown anther), and anthers that develop into either petals (petaloid), carpels (carpeloid),
or sepals (sepaloid), each of which may be associated with deformed petals (Nothnagel et
al., 2000). CMS in this species has been associated with the mitochondrial genes atp9
(Szklarczyk et al., 2014) and atp6 (Tan et al., 2018). The species is often cited as being
biennial, yet it may be more accurate to describe it as a monocarpic perennial, as annual,
biennial, and triennial life histories have been documented, and a geographic pattern to its
annuality may exist (Gross, 1981; de Jong et al., 2016). It forms a basal rosette during its
first year of growth. After undergoing vernalization it develops an upright stem (bolts),
flowers, and dies. The main stem ends in a terminal primary compound umbel. Secondary
umbels branch from the main stem, and this pattern continues until death, sometimes
resulting in sixth order umbels (pers. obs.). Sometimes the umbels contain a central
purple floret (Polte and Reinhold, 2013), while all other florets are generally white
(sometimes light pink). The height is often reported as 1-2 m (Stolarczyk and Janick,
2011; Stachler and Kells, 2014), but a large degree of variation exists (pers. obs.).
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Sampling and experimental design–
We selected seeds from five field-collected accessions in the United States, in
addition to 14 collections of D. carota seed accessioned at the United States Department
of Agriculture’s Germplasm Resources Information Network (USDA-GRIN; Table 1).
These accessions were selected to encompass a large portion of its native range (Europe,
North Africa, and Southwest Asia) and a portion of its introduced range, North America.
Aside from geographic origin, we randomly sampled accessions, with no prior
knowledge of their heteroplasmy status or phenotypic variation. In September 2015, 30 to
35 seeds of each accession were hand-rinsed and placed in petri dishes on filter paper.
The seeds were kept at room temperature and moistened with a solution of 1% Banrot
(Everris NA Inc., Dublin, Ohio) to prevent the growth of mold until germination
occurred, at which point the seedlings were planted in generic all-purpose potting mix
(BWI, Memphis, Tennessee) in 4-in pots. The plants were grown at the South Campus
Greenhouse at the University of Memphis, in Memphis, Tennessee with automated daily
watering. Daucus carota requires vernalization to bolt and flower, so the greenhouse was
exposed to the ambient winter conditions as much as possible. Heaters were used on
occasion to prevent freezing of pipes in sub-freezing temperatures. All tissue from
seedlings that did not survive to the five-leaf stage was collected for DNA extraction.
Once seedlings had reached the five-leaf stage, the fifth leaf was collected for DNA
extraction, and the seedlings were transplanted into 9-in pots for the remainder of the
study. DNA was extracted from the fifth leaf with the SQ Omega Biotek Plant Kit
(Atlanta, Georgia, USA) with the addition of 1% Ascorbic Acid and 1% polyvinyl
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propylene to the SQ1 Buffer provided in the kit and performed a cleanup step with the
E.Z.N.A. Cycle Pure Kit from Omega Biotek.
Fitness traits–
The dates of germination and appearance of each true basal leaf were recorded
until the plant had developed 50 leaves or had bolted. We calculated the number of days
to germination from the date the seeds were placed in petri dishes and the number of days
to each developmental stage from the date of germination (i.e., the date of planting). The
average number of days between each basal leaf were calculated (i.e., not leaves on
upright bolt) over time as a rate of growth. Of those individuals that bolted, we recorded
overall height and the number of umbels and calculated the number of days to death of
each individual based on whether they continued to develop new leaves once all others
had died, or the individual had bolted and all leaves and stems had died.
To assess pollen viability, we first either recorded that the individual was malesterile by the presence of clear CMS phenotypes (altered morphology of stamen) or, if
male-sterility was suspected, collected an umbellet from the primary umbel once anthers
were exserted and anthesis thought to have occurred, should the individual have been
male-fertile. Such anthers were dissected and viewed under light microscopy. The
samples were fixed in 95% ethanol and stored at -20°C. They were scored as having the
brown anther phenotype of male-sterility if anthers and/or pollen were not fully
developed. Umbellets from male-fertile individuals were collected once anthers were
exserted and dehisced. Following the simplified version of the Alexander staining method
detailed in Peterson et al. (2010), the pollen and anthers were stained with the modified
Alexander stain (1 ml of 1% Malachite green [in 95% ethanol] + 5 ml of 1% Acid fuchsin
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[in DI H2O] + 0.5 ml of 1% Orange G [in DI H2O] + 4 ml glacial acetic acid + 10 ml of
95% ethanol + 25 ml of 100% glycerol + 54.5 ml of distilled H2O) on a glass slide and
slowly heated it over an alcohol flame for 30 seconds. A cover slip was placed on the
sample, and we applied pressure to ensure the sample was in one plane. The slides were
sealed with nail varnish, observed under light microscopy, and the ratio of aborted (bluegreen) to non-aborted (red) pollen was calculated.
Quantitative PCR mixture experiment and mitochondrial heteroplasmy–
All DNA samples were diluted to 20 ng/µl after quantifying the DNA
concentration with a NanoDrop 2000 Spectrophotometer (Thermo Scientific). cox1
heteroplasmy was assayed using a quantitative PCR (qPCR) assay that can detect
heteroplasmy based on the amplitude of two separate fluorophores in the same assay (see
Mandel & McCauley [2015] for details on the cox1 assay and probe set). The qPCR was
carried out in a total reaction volume of 12.5 μl (6.25 μl TaqMan Genotyping Master Mix
[Applied Biosystems, Foster City, California, USA], 0.625 μl of cox1 qPCR assay, 1 μl
of DNA with the remainder of water. A CFX96 Real-Time System (Bio-Rad
Laboratories, Inc., Hercules, California, USA) was used with conditions of 2 min at 50°C
and 10 min at 95°C, prior to 40 cycles of 15 s at 95°C and 1 min at 60°C, with each cycle
ending in a plate read.
A synonymous T/C single nucleotide polymorphism (SNP) in the coding region
was assayed and scored for each individual as having the T or C allele based on their
cycle threshold (Ct). The presence of both alleles amplifying sufficiently enough to cross
their respective Ct values may indicate the presence of both T and C alleles. To determine
the mathematical relationship between the relative quantity of each allele, and thereby
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quantify the level of heteroplasmy, a mixture experiment was performed following the
approach of Mandel and McCauley (2015). Individuals were selected that were
apparently homoplasmic, based on the presence of Ct values for only the T or C allele.
The DNA of these individuals were mixed together to generate known relative
concentrations of C to T: 100:0, 95:5 90:10, 75:25, 50:50, 25:75, 10:90, 5:95, 0:100. The
Ct value of each fluorophore was adjusted based on the observed absence of the T and C
alleles in the concentrations of 100:0 and 0:100, respectively. A standard curve of the
resulting Ct data was generated in a linear regression in JMP Pro 14.0.0 (SAS Institute,
2018). qPCR on all individuals was performed in duplicate, then the same cycle
thresholds were applied to each run. The resulting Ct values were entered in the equation
derived from the mixture experiment to determine the relative amount of the C or T
allele, yielding a heteroplasmy score. The two heteroplasmy scores for each individual
were averaged. Although some individuals had Ct values for each fluorophore (for
instance, appearing late in the qPCR reaction, >37 cycles) and appeared to be
heteroplasmic, once those Ct values were entered into the equation, only those
individuals with heteroplasmy scores between 0.5% and 99.5% were classified as
heteroplasmic. Heteroplasmy scores < 0.5% or higher than 99.5% were classified as
homoplasmic. To determine whether the means and variances around the mean level of
heteroplasmy varied between accessions, Levene’s and Welch’s tests were performed.
Heteroplasmy scores were further classified into the haplotypes of C (0 – 0.5%), Ct (0.5 –
50%), Tc (50 – 99.5%), and T (99.5 – 100%), where Ct and Tc indicate major C and T
and minor t and c alleles, respectively.
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Plastid heteroplasmy–
A length variant in the intergenic space between the trnS and trnG genes (‘StoG’
region) of the chloroplast genome was amplified using the ‘S’ and ‘G’ primers from
Hamilton (1999). The PCR was carried out in a total reaction volume of 17 μl (11 μl DI
H2O, 1.5 μl of 10X PCR buffer [100 mM KCl, 100 mM Tris HCl (pH 9.0), 80 mM
(NH4)2SO4, and 1.0% Triton X-100], 0.7 μl MgCl2 (25 mM), 0.2 μl dNTPs (20 mM), 0.2
μl forward primer (5 μM), 0.2 μl reverse primer (20 μM), 0.2 μl fluorescently labeled
M13 primer (10 μM), 1 μl of Taq DNA polymerase, and 2 μl template DNA (20 ng/μl).
The PCR conditions were: 3 min at 95°C; 10 cycles of 30 s at 94°C, 30 s at 65°C and 45 s
at 72°C, annealing temperature decreasing to 54°C by 1°C per cycle, followed by 30
cycles of 30 s at 94°C, 30 s at 55°C, 45 s at 72°C, followed by 10 min at 72°C. The PCR
amplicons were then diluted 1:10 and visualized using an ABI 3130xl DNA sequencer
(Applied Biosystems) with GeneScan 500 LIZ dye Size Standard (Applied Biosystems)
included in each lane to allow for accurate fragment size determination. Alleles were
scored using GeneMarker v. 2.6.3 (SoftGenetics, State College, Pennsylvania).
Heteroplasmic individuals were scored based on the presence of more than one allele.
Heteroplasmy scores were not calculated as we are unable to quantify the major and
minor alleles based on fragment size analysis.
Correlation of heteroplasmy and fitness traits–
With a heteroplasmic StoG sample size of just 16, we were unable to perform
comparisons between heteroplasmic and homoplasmic individuals. Therefore,
heteroplasmy-fitness correlations were performed for only cox1. A Principle Components
Analysis was performed to determine correlations between the nine traits we recorded or
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calculated: days to germination, days to first leaf, days to bolt, days to death, growth rate,
number of leaves, number of umbels, height, and percent pollen viability. We then
performed a series of Kaplan-Meier survival analyses to the life stages of germination,
first leaf, bolt, and death. Survival analyses perform Log-Rank and Wilcoxon tests to test
the hypothesis that survival between groups is the same. First, individuals were grouped
as whether they lived 1, 2, or 3 years (annuality), grouped as whether they were
heteroplasmic or homoplasmic (heteroplasmic state), and grouped as their haplotype
(either C, Ct, Tc, or T). Individuals were then grouped as their heteroplasmic state by
accession, grouped as heteroplasmic state by annuality, grouped as haplotype by
accession, and grouped as haplotype by annuality.
To determine if there is a threshold effect of heteroplasmy at which phenotypes
change, we ran a series of linear regressions. Each trait (Y) was regressed by the
heteroplasmy score (X) of all individuals combined, and a separate series of the same
regressions were performed but with individuals divided into annual, biennial, and
triennial. An additional curvilinear regression was performed in the same manner with all
individuals combined.
Finally, to access any differences between heteroplasmic and homoplasmic
individuals, a series of one-way analyses of variance (ANOVA) was performed with
annuality, accession, male sterility, haplotype, heteroplasmy state, and heteroplasmy
score as separate predictors of the nine fitness-related traits. We also performed two-way
ANOVAs to test for interactions of annuality and heteroplasmy score, annuality and
heteroplasmy state, and accession and heteroplasmy state. ANOVAs with significant pvalues were followed by either Tukey’s Honestly Significant Difference (HSD) post hoc
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test or a Student’s t test. We used JMP Pro 14.0.0 (SAS Institute, 2018) to perform all
analyses.
RESULTS & DISCUSSION
Fitness Traits–
We plated approximately 600 seeds from 19 accessions on petri dishes (Table 1).
The number of germinated seeds differed between accessions, from a low of 7 seeds of
accession Gravel.2009 from New York State, to a high of 33 from accession Ames31580
from Nador, Morocco. In total, 514 (~87.5%) of all seeds successfully germinated and
were planted in pots. Forty-five of these died before reaching the first true leaf stage, and
279 of the remaining 469 died before bolting. An additional 48 bolted, but did not survive
to successfully flower. The remaining 142 individuals flowered, and we were able to
record all nine fitness-related traits for them (Table 1).
Overall, the mean days to germination, first leaf, bolt, and death were 10.22 ±
0.69, 23.7 ± 0.8, 329.89 ± 12.17, and 311.57 ± 8.18, respectively. Mean growth rate as
the number of days between each leaf was 17.1 ± 0.31. The mean numbers of leaves and
umbels were 17.44 ± 0.58 and 7.08 ± 0.19, respectively, and the mean height of the
individuals that bolted was 123.74 ± 2.72 cm. Of the individuals that successfully
flowered, percent pollen viability averaged 60.41 ± 3.55. All nine fitness-related
characteristics significantly varied by accession, heteroplasmy state, life history, and
haplotype (Tables 1-4).
Heteroplasmy Assay and Mixture Experiment–
The cox1 heteroplasmy mixture experiment resulted in the equation y = 2.384x 0.8639 with an R2 of 0.9659. Of 514 individuals that germinated (Table 1), 163 and 276
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were scored as heteroplasmic and homoplasmic, respectively, based on our pre-defined
value of 0.05%.
Results of the one-way ANOVA to test for equality of the means and variances of
the cox1 heteroplasmy score revealed that accessions Ames24710 and PI652290 did not
have means and variances equal to the rest of the accessions (Welch’s test, F = 7.4694,
DF = 18, P = <0.0001; Levene’s test, F =23.2420, DF = 18, P = <0.0001, respectively).
Correlations of Fitness Traits and ANOVA Summaries–
Nine fitness-related traits were recorded, and several of these show high
correlations with one another, as well as a number of results in the ANOVAs (Table 5).
Days to germination had a highly positive correlation coefficient with days to first leaf (r
= 0.9598), yet it had slight to moderately negative correlation coefficients with all other
dependent variables. Days to bolt was highly coordinated with days to death and number
of leaves (r = 0.9912 and 0.8517, respectively). The most negative correlation
coefficients were between days to germination and pollen viability and days to first leaf
and pollen viability (r = -0.4546 and -0.4564, respectively. The number of leaves had a
highly positive correlation coefficient with days to death (r = 0.8534), but a moderately
negative coefficient with growth rate (r = -0.4568).
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Table 1. Geographic origins and regions, sample sizes, and means ± standard errors of nine fitness-related traits in 19 accessions of
Daucus carota.
Accession

Origin

Region

N

Days to
Germination

Days to
1st Leaf

Days to
Bolt

Days to
Death

Growth
Rate

No.
Leaves

Umbel
No.

Height
(cm)

%
Pollen
Viability

Ames26378

Portalegre,
Portugal

Europe

20

6.9 ± 2.61

21.21 ±
3.1

376.82 ±
47.06

301.45 ±
34.94

14.78 ±
1.4

18.05 ±
2.62

6.4 ±
0.58

120.76 ±
6.81

87.27 ±
12.0

Ames27410

Uzbekistan

Middle
East

27

7.44 ± 2.51

20.11 ±
2.93

297.08 ±
43.29

299.22 ±
33.62

15.16 ±
1.27

18.59 ±
2.48

6.33 ±
0.61

143.39 ±
6.27

38.91 ±
12.65

Ames30239

Sousse,
Tunisia

North
Africa

28

7.29 ± 2.19

19.82 ±
2.55

353.54 ±
30.61

419.78 ±
29.65

16.02 ±
1.1

22.43 ±
2.15

7.86 ±
0.39

134.1 ±
4.43

75.82 ±
9.2

Ames30269

Beja,
Tunisia

North
Africa

30

9.53 ± 2.17

22.3 ±
2.53

373.91 ±
47.06

364.23 ±
29.0

19.14 ±
1.09

17.6 ±
2.14

10 ± 0.61

194.4 ±
6.81

61.26 ±
13.42

Ames31565

Sidi
Kacem,
Morocco

North
Africa

23

9.83 ± 2.59

24.68 ±
3.2

402.67 ±
90.11

231.52 ±
34.69

22.11 ±
1.38

10.55 ±
2.7

6 ± 1.07

105.83 ±
13.05

77.85 ±
26.83

Ames31580

Nador,
Morocco

North
Africa

33

8.94 ± 2.07

23.52 ±
2.42

337.59 ±
28.98

400.87 ±
28.53

19.12 ±
1.05

20.21 ±
2.04

5.8 ±
0.37

80.01 ±
4.27

32.64 ±
7.91

Bowl.2009

New York
State

North
America

19

10.32 ± 2.72

23.21 ±
3.18

327.22 ±
52.02

363.25 ±
39.53

13.09 ±
1.37

31 ± 2.68

7.38 ±
0.65

103.01 ±
7.53

82.62 ±
13.42

CIBC.D

Memphis,
TN

North
America

24

7.21 ± 2.34

24.13 ±
2.73

344.15 ±
43.29

313.79 ±
31.25

18.43 ±
1.18

18.13 ±
2.3

8.38 ±
0.51

130.82 ±
6.27

74 ±
10.52

Gravel.2009

New York
State

North
America

7

32.57 ± 4.37

44.71 ±
5.1

-

295.5 ±
66.3

16.08 ±
2.21

16.71 ±
4.31

-

-

-

OCNJ.2009

Ocean
City, NJ

North
America

25

14.52 ± 2.68

29.92 ±
3.15

270 ±
69.8

260.08 ±
36.09

22.34 ±
1.36

11 ± 2.66

5.8 ±
0.82

110.74 ±
10.11

-
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Table 1 (continued).
Accession

Origin

Region

N

Days to
Germination

Days to
1st Leaf

Days to
Bolt

Days to
Death

Growth
Rate

No.
Leaves

Umbel
No.

Height
(cm)

%
Pollen
Viability

PI390896

Central
Israel

Middle
East

21

5 ± 2.5

19.9 ± 3.0

473.29 ±
41.71

425.5 ±
34.41

21.43 ±
1.3

17.75 ±
2.53

9.89 ±
0.61

148.32 ±
6.04

59.05 ±
12.65

PI478874

Sicily, Italy

Europe

16

7.69 ± 2.86

19.31 ±
3.34

286 ±
52.02

314.62 ±
42.59

16.93 ±
1.44

17.13 ±
2.82

7.38 ±
0.65

142.83 ±
7.53

76.15 ±
15.49

PI478877

Geneva,
Switzerlan
d

Europe

18

10 ± 2.86

20.33 ±
3.34

228 ±
156.07

255.4 ±
49.42

13.07 ±
1.44

20.94 ±
2.82

4.91 ±
0.56

157.5 ±
22.6

-

PI652213

Kazakhstan

Middle
East

26

6.15 ± 2.27

16.38 ±
2.65

-

344.83 ±
36.09

15.33 ±
1.15

20 ± 2.24

-

-

-

PI652290

Szczecin,
Poland

Europe

26

9.31 ± 2.66

22.81 ±
3.11

-

255.67 ±
48.42

12.89 ±
1.34

21.38 ±
2.62

-

-

-

PI652303

Central
Greece

Europe

28

5.57 ± 2.19

20.67 ±
2.59

235.77 ±
37.85

276.15 ±
29.65

16.87 ±
1.12

12.89 ±
2.18

-

98.02 ±
5.48

51.62 ±
11.44

PI652341

Syria

Middle
East

22

7.14 ± 2.74

19.5 ± 3.6

258 ±
58.99

232.13 ±
41.29

16.19 ±
1.56

10.56 ±
3.04

6.75 ±
0.92

116.49 ±
8.54

55.19 ±
18.97

PI652354

Izmir,
Turkey

Middle
East

25

5 ± 2.55

15.79 ±
3.0

239.9 ±
49.35

279.75 ±
34.38

14.34 ±
1.3

15.42 ±
2.53

6 ± 0.58

134.45 ±
7.15

54.51 ±
12.0

UT.2009

Knoxville,
TN

North
America

21

44.29 ± 2.5

59.05 ±
2.92

-

182.57 ±
33.45

19.07 ±
1.26

8.33 ±
2.46

-

-

-
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Table 2. Sample sizes and means ± standard errors of fitness-related traits of annuals, biennials, and triennials.
Days to
Days to
Days to
Days to
Growth
Annuality N
No. Leaves Umbel No.
Germination
1st Leaf
Bolt
Death
Rate
25.4 ± 1.11
207.6 ± 4.82 231.93 ± 4.11 17.71 ± 0.38
11.7 ± 0.39
6.38 ± 0.21
308 11.45 ± 0.97
Annual
7.32 ± 0.43
20.4 ± 0.7
491.19 ± 8.08 542.62 ± 8.85 16.9 ± 0.61
29.24 ± 1.18
8.05 ± 0.32
91
Biennial
7.35 ± 0.46
18.65 ± 0.72 757.5 ± 26.93 853 ± 29.66
12.99 ± 0.59
33.15 ± 1.6
9 ± 1.53
Triennial 40

Height (cm)

Pollen
Viability

114.97 ± 3.2
135.16 ± 4.6
159.7 ± 8.45

60.05 ± 4.82
59.6 ± 5.38
94.85 ± 0.11

Table 3. Sample sizes and means ± standard errors of fitness-related traits of heteroplasmic, homoplasmic, and all individuals
combined.
Heteroplasmic
Days to
Days to
Days to
Growth
No.
Umbel
Pollen
N
Days to Bolt
Height (cm)
State
Germination
1st Leaf
Death
Rate
Leaves
No.
Viability
9.28 ± 0.74
22.57 ± 0.84 346.7 ± 22.95 313.62 ± 14.44 17.38 ± 0.48
17.09 ± 1
7.14 ± 0.34 121.73 ± 5.05 64.1 ± 5.88
Heteroplasmic 163
Homoplasmic 276 10.78 ± 1.01 24.38 ± 1.17 319.98 ± 13.83 310.29 ± 9.78 16.93 ± 0.4 17.66 ± 0.71 7.04 ± 0.23 124.91 ± 3.17 58.45 ± 4.46
23.7 ± 0.8 329.89 ± 12.17 311.57 ± 8.18 17.1 ± 0.31 17.44 ± 0.58 7.08 ± 0.19 123.74 ± 2.72 60.41 ± 3.55
439 10.22 ± 0.69
All

Table 4. Sample sizes and means ± standard errors of fitness-related traits of the four mitochondrial haplotypes.
cox1
Days to
Days to
Days to
Growth
No.
Umbel
Pollen
N
Days to Bolt
Height (cm)
Haplotype
Germination
1st Leaf
Death
Rate
Leaves
No.
Viability
C
241 10.72 ± 1.05 24.35 ± 1.21 324.93 ± 14.53 317.5 ± 10.66 17.33 ± 0.44 17.34 ± 0.75 7.09 ± 0.24 125.04 ± 3.21 59.05 ± 4.59
9.29 ± 0.78
22.54 ± 0.9 344.97 ± 23.93 308.55 ± 15.13 17.3 ± 0.5 16.91 ± 1.04 7.15 ± 0.34 122.09 ± 5.24 63.59 ± 6.13
Ct
153
11.39 ± 3.65 24.91 ± 4.15 245.71 ± 27.2 256.96 ± 19.12 14.15 ± 0.78 20.25 ± 2.08 6.2 ± 0.86 123.01 ± 17.13 48.97 ± 20.2
T
33
8.83 ± 1.58
22.17 ± 1.59 373.5 ± 86.31 363.82 ± 42.7 17.98 ± 1.3 18.75 ± 3.33
7±3
116.2 ± 21.44 75.14 ± 12.94
Tc
12

95

Table 5. ANOVA results from nine fitness traits.
Dependent Variable

Fixed Effect

Days to Germination

Accession

18 14.1048 <.0001*

Annuality

2

3.7696

Het. State

1

10.3675 0.0014*

Haplotype

3

0.4114

0.7449

Accession x Het. State 18

2.9158

<.0001*

Days to First Leaf

Days to Bolt

Days to Death

Growth Rate

df

F

P

0.0238

Accession

18 11.3809 <.0001*

Annuality

2

5.4127

0.0048

Het. State

1

9.278

0.0025

Haplotype

3

0.4591

0.711

Accession x Het. State 18

2.9345

<.0001*

Accession

12

2.447

0.0061

Annuality

2

143.39

<.0001*

Het. State

1

0.0031

0.9553

Haplotype

3

0.9331

0.426

Accession x Het. State 12

0.7906

0.6596

Accession

18

4.1382

<.0001*

Annuality

2

326.15

<.0001*

Het. State

1

1.125

0.2895

Haplotype

3

1.4765

0.2204

Accession x Het. State 18

0.5755

0.9166
<.0001*

Accession

18

4.9746

Annuality

2

11.3282 <.0001*

Het. State

1

1.3201

0.2513

Haplotype

3

2.5539

0.055
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Table 5 (continued).
Dependent Variable

Fixed Effect

df

Accession x Het. State 18
Number of Leaves

Number of Umbels

Height

Pollen Viability

F

P

0.9687

0.4955

Accession

18

4.3821

<.0001*

Annuality

2

241.12

<.0001*

Het. State

1

0.0306

0.8612

Haplotype

3

0.7407

0.5282

Accession x Het. State 18

0.3842

0.9902
<.0001*

Accession

12

7.3764

Annuality

2

35.4572 <.0001*

Het. State

1

1.7021

0.1928

Haplotype

3

0.2564

0.8567

Accession x Het. State 12

1.0023

0.4513

Accession

12 24.0496 <.0001*

Annuality

2

43.7422 <.0001*

Het. State

1

0.6747

0.4119

Haplotype

3

0.1433

0.9338

Accession x Het. State 12

1.873

0.042

Accession

11

1.9702

0.0386

Annuality

2

0.7339

0.4821

Het. State

1

0.817

0.3678

Haplotype

3

0.3349

0.8001

Accession x Het. State 11

1.1552

0.3273

Results of survival analyses show that annuals take significantly longer to
germinate (Log-Rank: χ2 = 12.37, DF = 2, P = 0.0021; Wilcoxon: χ2 = 7.48, DF = 2, P =
97

0.0238; Table 2) and develop their first true leaf (Log-Rank: χ2 = 26.91, DF = 2, P <
0.0001; Wilcoxon: χ2 = 27.90, DF = 2, P = 0.0238) than biennials or triennials.
Heteroplasmic individuals in accession Ames26378 take significantly longer to germinate
(Log-Rank: χ2 = 7.94, DF = 2, P = 0.0189; Wilcoxon: χ2 = 6.99, DF = 2, P = 0.0303;
Table 3) and almost significantly longer to develop their first true leaf (Log-Rank: χ2 =
2.53, DF = 1, P = 0.11; Wilcoxon: χ2 = 2.73, DF = 1, P = 0.0986) than homoplasmic
individuals. Homoplasmic individuals in accession Ames31580 almost take significantly
longer to germinate (Log-Rank: χ2 =3 .27, DF = 1, P = 0.0708; Wilcoxon: χ2 = 3.27, DF
= 2, P = 0.0708) but do take significantly longer to develop their first true leaf (LogRank: χ2 = 4.49, DF = 1, P = 0.0342; Wilcoxon: χ2 = 3.69, DF = 1, P = 0.0547) compared
to heteroplasmic individuals. Homoplasmic individuals in accession PI652290 almost
take significantly longer to germinate than heteroplasmic individuals (Log-Rank: χ2 =
3.3333, DF = 1, P = 0.0679; Wilcoxon: χ2 = 3.3333, DF = 1, P = 0.0679), whereas
heteroplasmic individuals in accession PI652341 take significantly longer to develop
their first true leaf compared to homoplasmic individuals (Log-Rank: χ2 = 5.28, DF = 1,
P = 0.0215; Wilcoxon: χ2 = 3.55, DF = 1, P = 0.0596).
For the later life stages, homoplasmic individuals live significantly longer in
accession Ames31565 than heteroplasmic individuals (Log-Rank: χ2 = 5.85, DF = 1, P =
0.0156; Wilcoxon: χ2 = 3.51, DF = 1, P = 0.0611). Heteroplasmic individuals in
accession Gravel live significantly longer than homoplasmic individuals (Log-Rank: χ2 =
5.63, DF = 1, P = 0.0177; Wilcoxon: χ2 = 5.3333, DF = 1, P = 0.0209), while
homoplasmic individuals in accession 478874 almost live significantly longer than

98

heteroplasmic individuals (Log-Rank: χ2 = 2.83, DF = 1, P = 0.0923; Wilcoxon: χ2 =
2.94, DF = 1, P = 0.0865).
Annual heteroplasmic individuals almost have significantly fewer days to death
compared to biennials (Log-Rank: χ2 = 3.28, DF = 1, P = 0.0702; Wilcoxon: χ2 = 3.58,
DF = 1, P = 0.0584; Table 2). By haplotype, C individuals takes significantly longer to
germinate than either T or Ct (Log-Rank: χ2 = 7.94, DF = 2, P = 0.0189; Wilcoxon: χ2 =
6.99, DF = 2, P = 0.0303; Table 4).

Fig. 1. Days to germination and first leaf for heteroplasmic and homoplasmic individuals.
Letters different from one another indicate significantly different days to germination
(lowercase) and first leaf (uppercase).
These findings support the notion that fitness-related traits are geographically, and
potentially genetically, structured given that variation within accession was lower than
among accession. There were several interesting outcomes. In our study annuals took
longer to germinate, heteroplasmic individuals germinated faster than homoplasmic
individuals, however, this was not an absolute trend, as there were exceptions. Although
99

Fig. 2. Survival curves of heteroplasmic and homoplasmic individuals for days to bolt
and days to death.
we attempted to grow these in a common garden (greenhouse at the University of
Memphis) we cannot rule out the possibility some accessions may have been more
adapted to this environment. In sum, this work has demonstrated the interactions among
the phenome, mitochondrial genome, location of origin, and life history.
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CHAPTER 4: HETEROPLASMY AND PATTERNS OF CYTONUCLEAR
LINKAGE DISEQUILIBRIUM IN WILD CARROT

Introduction
Studying interactions between organellar (mitochondrial, mt; plastid, pt) and
nuclear genomes has the potential to yield new insights into evolutionary processes
including selection, demography, admixture, and cytonuclear incompatibilities (Wade
and Goodnight 2006; Sambatti et al. 2008; Brandvain and Wade 2009; Fields et al. 2014;
Wade and Drown 2016). Phenotypic variation and fitness may be influenced by
cytonuclear epistasis and has been shown in a variety of organisms including humans,
yeast, Drosophila, and various plant species (Tao et al. 2004; Zeyl et al. 2005; Rand et al.
2006; Camus et al. 2017). For the mt genome (mtDNA), evidence for mitonuclear
functional coordination has been demonstrated and is postulated to have evolved via
cooperative evolution between nuclear genes that encode proteins targeted to the mt and
mt genes (Blier et al. 2001; Sloan et al. 2015). Similarly, accelerated coevolution in ptencoded ribosomal genes and plastid–nuclear interactions has been shown in some plant
species, as evidenced by a survey of substitution rates in the phylogeny of Geraniaceae
(Weng et al. 2016).
Cytonuclear Linkage Disequilibrium
Cytonuclear linkage disequilibrium (cnLD) describes the non-random association
between alleles of loci residing separately in nuclear and organellar genomes (Asmussen
et al. 1989; Latta et al. 2001; Jaramillo-Correa and Bousquet 2005; Fields et al. 2014;
Sloan et al. 2015). The normalized measure of LD, D’, ranges from -1 to 1, where D’ = 0
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indicates random assortment and D’ = -1 or 1 indicates non-random assortment (see
methods; Hedrick 1987). As there is no physical linkage between nuclear and organellar
genomes, the accumulation of cytonuclear linkage disequilibria could be due to
inheritance patterns and be indicative of evolutionary processes. Additionally, high levels
of selfing, non-random mating (Asmussen et al. 1989), and neutral demographic
processes, including founder effects or range expansions, may lead to significant patterns
of cnLD (D’ -1 or 1). Positive or negative cytonuclear selection could also lead to nonrandom associations between nuclear and organellar alleles and has been shown
mathematically (e.g., Asmussen and Clegg 1982; Wade and Goodnight 2006; Wade and
Brandvain 2009).
Linkage of Mitochondrial and Plastid Genomes
In plants, statistical associations may arise in a more complicated fashion owing
to the additional organellar genome of the plastid (pt; ptDNA). Therefore, cnLD may be
assessed between the nuclear genome and mtDNA or ptDNA, separately. If the
inheritance patterns of the organellar genomes are maternal, however, the two would be
inherited as a single cytoplasmic unit within egg cells, a so-called plasmon (Tsujimura et
al. 2013). Following this, one might predict that the two genomes exhibit similar values
of cnLD, while being in complete LD with one another, just as if the genomes were
physically linked and do not undergo random assortment or recombination. High levels
of organellar LD were found in the plant species Quercus glauca (ringed cup oak; Lin et
al. 2003), Silene vulgaris (bladder campion; Olson and McCauley 2000) and Beta
vulgaris (beet; Desplanque et al. 2000). Lin et al. (2003) found strong levels of LD
between pairs of mt and pt loci in Q. glauca, although they also reported a few instances
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of random associations (D’ ~0), thought to arise through rare paternal leakage of
organelles and recurrent mutation. In S. vulgaris, complete LD was found between mt
and pt haplotypes while the authors also recovered congruent mt and pt phylogenies, as
would be expected given similar mutation rates and inheritance patterns (Olson and
McCauley 2000). Similarly, Desplanque et al. (2000) found a normalized D’ of 0.965 in
B. vulgaris when comparing mt to pt haplotypes.
Yet another complicating factor for evaluating patterns of cnLD in plants, is that
the inheritance patterns of the two organellar genomes may be different. For example,
conifers inherit mt either maternally or paternally (i.e. seed or pollen; dependent on taxa),
but pt are inherited paternally (Mogensen 1996). In Pinus ponderosa (ponderosa pine),
where mt are inherited maternally and pt, paternally, cnLD was found to be slightly
higher in mt-nuclear loci pairs than in pt-nuclear loci pairs. Out of 11 nuclear allozymes,
three loci showed significant associations with mtDNA, whereas two loci showed
significant associations with the ptDNA (Latta et al. 2001). This is particularly notable
given the different dispersal ranges of pollen and seed in this species. Spatial structuring
of the mt haplotypes, but not pt haplotypes, was revealed, highlighting the different
inheritance patterns of the two organelles. Given the generally smaller dispersal range of
seed, the authors suggest more instances of mt-nuclear LD would be found than ptnuclear LD. In a hybridizing zone between two spruce species, no significant mt-nuclear
associations were found (Jaramillo-Correa and Bousquet 2005). Tsujimura et al. (2013)
suggested that disrupted linkage between the mtDNA and ptDNA in Emmer and Dinkel
wheat were the result of paternal leakage in species with presumably maternally-inherited
organelles.
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Heteroplasmy and Its Effect on Linkage Disequilibrium
Both paternal and maternal lines can contribute organellar genomes when the two
are biparentally-inherited together. Given that maternal and paternal organellar genomes
have allelic variation sufficient to distinguish one from the other, non-uniparental
inheritance of organellar genomes will create a potentially detectable mixture of genomes
within offspring. This mixture is termed heteroplasmy (Ramsey and Mandel 2019) and
has been studied in numerous taxa – from humans (Naue et al. 2015), Caenorhabditis
(Liau et al. 2007), and Drosophila (Volz-Lingenhöhl et al. 1992) to Nicotiana (Yamato
and Newton 1999), Silene (McCauley et al. 2005; McCauley and Ellis 2008; Bentley et
al. 2010), and Daucus (Mandel et al. 2012, 2016). Evidence is beginning to demonstrate
that recombination in animal mtDNA is possible, at least in certain taxa (reviewed in
Rokas et al. 2003). However, recombination has long been accepted in plant organellar
genomes (Medgyesy et al. 1985; Barr et al. 2005; Fritsch et al. 2014), although mtDNA is
more often found to undergo recombination than ptDNA. The mtDNA in plants is much
larger than their animal counterparts (at least an order of magnitude), contains many
repeat regions, and is now known to exist as multiple, distinct chromosomes, and not as
single, circular molecules (Alverson et al. 2011; termed 'cytoploid' in Ramsey and
Mandel 2019; Sloan et al. 2012; Sloan 2013; Wu et al. 2015). These chromosomes also
exist in various numbers in different cells and tissues, a phenomenon termed
substoichiometric shifting and has been shown in both the mtDNA (Chen et al. 2011;
Sloan 2013) and ptDNA (Guo et al. 2014). In carrot (Daucus carota), the mtDNA exists
as three subgenomic circles, which are proposed to be the result of recombination events
between direct and inverted repeats (Robison and Wolyn 2002; Iorizzo et al. 2012).
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Multiple copies of organellar genomes exist per cell (Jarvis and López-Juez 2013;
Gurdona et al. 2016), and they are thought to randomly sort during cell division (Birky
2001; McCauley 2013).
Recent mathematical modeling has shown that given any type of non-neutral
mutation, selection against heteroplasmy can lead to the evolution of uniparental
inheritance (Christie et al. 2015; Christie and Beekman 2017a, 2017b). It follows that
there could be strong selection against the state of heteroplasmy in organisms (Rand
2001). However, others have postulated that heteroplasmy could be maintained by
balancing selection (e.g., Doublet et al. 2008). Many have suggested that withinindividual selection on organellar genomes provides a possible mechanism for the
individual to rapidly adapt (e.g., Korpelainen 2004; Woloszynska 2010; Christie and
Beekman 2017a, 2017b). In addition, the potential for genetic or genomic conflict with
the nuclear genome is of much interest (Burt and Trivers 2006; McCauley 2013).
Maintaining associations between the nuclear and organellar genomes may facilitate coadaptation (Sharpley et al. 2012; Havird et al. 2015), for example to maintain ‘matching’
of nuclear- and mt-encoded gene products in the face of nuclear heterozygosity and/or
gene duplicates (Wolff et al. 2014). Thus, the roles of adaptive selection in heteroplasmy,
cytonuclear interactions, and the coevolution of nuclear and organellar genomes remain
open questions.
Aims
Given that heteroplasmy appears to be a widespread phenomenon, we wish to
address whether patterns of cnLD differ between heteroplasmy states. If maintaining
associations between the nuclear and organellar genomes facilitates co-adaptation (e.g.,
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Sharpley et al. 2012; Havird et al. 2015), one might expect tight linkage between alleles
in the heteroplasmic state and those encoded in the nucleus. We address this hypothesis
in populations of wild carrot, D. carota L. spp. carota, in which we have documented
extensive heteroplasmy in mtDNA and ptDNA (Mandel et al. 2012, 2016; Mandel and
McCauley 2015). In this study, we calculated LD between all combinations of two
markers in the mtDNA, one in the ptDNA, and 15 simple sequence repeats (SSRs)
located in the nuclear genome of wild carrot.
Materials and Methods
Sampling
In order to access cytonuclear and organellar LD, we used nuclear and plastid
locus data from Mandel et al. (2016) for the 265 individuals studied here. Leaf material
or seeds (grown in the University of Memphis Greenhouses to obtain leaf material) were
collected from 136 and 129 D. carota individuals found on Nantucket Island,
Massachusetts (Nantucket) or the Olympic Peninsula, Washington (Olympic) United
States (Supplementary Table S1; which provides information on the numbers and
percentages of heteroplasmic and homoplasmic individuals per population within each
region), presenting us with natural replicates. These regions are known to contain
intrapopulation organellar polymorphisms, and in the region of Nantucket, the presence
of individuals with CMS (pers. obs.). Most leaves and seeds were collected from publicly
available properties, and no specific permissions were required to collect. Some
populations on Nantucket were collected from properties owned by private conservation
organizations, and permission was obtained from those organizations before collecting.
This study did not involve endangered or protected species. Genomic DNA was isolated
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from a 2-cm portion of leaf tissue obtained from individual leaves using the SQ Omega
Biotek Plant Kit (Atlanta, GA, USA), following manufacturers recommendations, with
the addition of 1% polyvinyl propylene (PVP) and 1% Ascorbic Acid to Buffer SQ1
provided by the manufacturer. A cleanup step was performed when necessary using the
E.Z.N.A. Cycle Pure Kit from Omega Biotek.
Mandel et al. (2016) genotyped these 265 individuals for a plastid locus and
nuclear SSRs as a part of a population genetic study to assess crop-wild gene flow in
carrot. Fifteen nuclear microsatellites (SSRs) were PCR amplified using primers
developed by Cavagnaro et al. (2011), and the intergenic region between the plastid
genes trnS and trnG (referred to as “StoG” here) was PCR amplified using primer pairs
developed by Hamilton (Hamilton 1999; see Table S1 of Mandel et al. 2016 for PCR
reaction details).
Heteroplasmy Assays
We assayed two mt genes, cox1 and atp9, for heteroplasmy. For cox1, we assayed
a synonymous T/C single nucleotide polymorphism (SNP) in the coding region and
quantified the level of heteroplasmy using the qPCR strategy of Mandel and McCauley
(2015). Following these methods, we developed an artificial heteroplasmy mixture
experiment to establish the mathematical relationship between differences in Ct value and
relative copy numbers of the cox1 heteroplasmic variants. As in Mandel and McCauley
(2015), we chose pairs of individuals that were homoplasmic for either the T or C SNP.
To simulate levels of heteroplasmy we mixed together their DNA to generate the
following T versus C percent ratios, respectively: 100:0, 95:5 90:10, 75:25, 50:50, 25:75,
10:90, 5:95, 0:100. We analyzed the resulting Ct data in a linear regression framework,
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and the resulting standard curve equation was used to estimate the relative copy number
within an individual. For this study, all individuals were genotyped twice, and the
resulting Ct values were entered into the equation to quantify the relative amounts of the
T or C SNP in the sample (heteroplasmy score). The two heteroplasmy scores for each
individual were averaged; only individuals with heteroplasmy scores ≥ 0.5% were
classified as heteroplasmic.
We also attempted to use the qPCR strategy of Mandel and McCauley (2015) to
study a T/C SNP in the atp9 gene; however, this locus was not polymorphic in our study
populations. We therefore studied a 42-bp insertion:deletion (indel) variant present
downstream of the coding region. Individuals may vary with the absence or presence of
one or two copies of the repeat as shown in Mandel et al. (2012). PCR of the atp9 locus
was performed following the same methodology as Mandel et al. (2012). The resulting
PCR products were visualized on 1% agarose gels, and individuals were scored as either
not containing the repeat (short) or containing the repeat once or twice (medium and
long, respectively). Although there was evidence of heteroplasmy, we did not attempt to
classify any individual as heteroplasmic for atp9, as we were unable to calculate a
heteroplasmy score and some individuals exhibited very faint minor allele bands.
Mandel et al. (2016) scored StoG data based on an individual’s major haplotype
(ignoring heteroplasmy). For this study, however, we called heteroplasmy based on the
presence of major and minor alleles as determined in GeneMarker v.2.6.3 (SoftGenetics,
State College, PA), following the methods of Ellis et al. (2008). We called minor alleles
based on their relative peak above background fluorescence, yet we did not calculate a
quantitative heteroplasmy score.
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Heteroplasmy and Patterns of Linkage Disequilibrium
From some of our previous work, we know that there is population structure
between each region, so we pooled each regions’ populations together to perform LD
calculations. Within each region, we investigated LD between all combinations of
nuclear and organellar loci (i.e., amongst all pairs of nuclear SSRs, nucLD; between each
nuclear SSR and each organellar locus, mt-nucLD and pt-nucLD; between the two mt
genes, mtLD; and between each mt gene and StoG, mt-ptLD; Fig. 1). For the measures of
LD, Hedrick’s (1987) multi-allelic extension of Lewontin’s (1964a, 1964b) normalized
D’ was employed. The value of D’ is standardized by dividing D by Dmax, the maximum
value of D possible given the observed allele frequencies pi, (1 - pi), and qj, (1 - qj). Thus,
the standardized value of D’ ranges from -1 to 1, with D’ = 0 indicating linkage
equilibrium, or complete random associations between alleles.
For the nucLD D’ and r2 calculations, we employed the software program
Multiallelic Interallelic Disequilibrium Analysis Software (MIDAS; Gaunt et al. 2006)
which can handle data in a multiallelic (per locus) state. Using the software Arlequin,
(Excoffier et al. 2010), we obtained significance values for each nucLD calculation using
a Fisher’s Exact Test approximated by Monte-Carlo simulations under a null hypothesis
of random assortment. The Fisher’s Exact Test performed by Arlequin is comparable to
the traditional 2 by 2 contingency table but allows for a table of any size (Excoffier et al.
2010). For this analysis, the maximum number of alternative tables explored was set to
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Fig. 1 Diagrammatic representation of the measures of LD calculated here within and
between the nuclear (I), mitochondrial (II), and plastid (III) genomes. We calculated
nucLD between 15 microsatellites (SSRs; 1); cytonuclear LD (cnLD) between the 15
nuclear SSRs and each of the mitochondrial genes cox1 (2A) and atp9 (2B) and the
plastid locus StoG (2C); between cox1 and atp9 (3); and between StoG and each of
cox1 (4A) and atp9 (4B).
100,000. We also used MIDAS to calculate organellar D’ and r2 values (within mtDNA
and between mt-ptDNA) following the same procedures as above. The significance of
multiple comparisons among locus pairs was assessed using the Benjamini-Hochberg
correction for false discovery (Benjamini and Hochberg 1995) of 5%.
For calculations of cnLD, we used the program Cytonuclear Disequilibria for
Multiallelic data (CNDm; Asmussen and Basten 1996; Basten and Asmussen 1997)
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which calculates D’ as well as significance using a Fisher’s Exact Test approximated by
Monte-Carlo simulations. We also corrected for multiple tests as above. For these
measures, we calculated LD between the most common nuclear allele and all other
nuclear alleles binned together (as CNDm requires biallelic data) and the mt SNP
genotypes (sensu Fields et al. 2014). The Nantucket region dataset contained all 15
nuclear SSRs, yet one SSR failed to amplify in the Olympic region, so we used the
remaining 14 for this region. In all cases above, the major organellar haplotype (as
determined by qPCR) of heteroplasmic individuals was used as the mt or pt allele (i.e. all
heteroplasmic individuals were treated as strictly haploid).
To determine if there is an influence of organellar heteroplasmy on LD, we
separated our datasets into individuals which were heteroplasmic and homoplasmic for
cox1 and StoG, separately, within the Olympic region and cox1 for the Nantucket region.
We were unable to perform this experiment for StoG in the Nantucket region as only two
individuals were heteroplasmic. Following the same procedures to analyze cytonuclear
and organellar LD, as above, we thus carried out two additional sets of LD calculations
(only heteroplasmic individuals and only homoplasmic individuals) for each cytonuclear
comparison. We wished to know if measures of LD varied amongst these sets. To this
end, we used a Z-transformation approach (Sokal and Rohlf 2012) to perform a pairwise
test of heterogeneity of the D’ value for each cytonuclear locus pair between
heteroplasmic and homoplasmic individuals (since D’ values are mathematically similar
to the product-moment correlation employed in the Z-transformation approach), followed
by a multiple test correction as above.
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We then calculated within mtDNA (cox1-atp9) D’ and r2 again for the
heteroplasmic and homoplasmic cox1 datasets. CNDm does not calculate r2 values for
cnLD, so for the heteroplasmic and homoplasmic datasets we calculated these using the
formula D2/(p1p2qiq2), following Hill and Robertson (1968), where D2 is equal to the nonnormalized value of linkage disequilibrium calculated in CNDm, p1 and p2 are equal to
the frequencies of the major and minor cox1 alleles (either ‘C’ or ‘T’), respectively, and
qi, and q2 are equal to the frequencies of the major and minor StoG alleles, respectively.
Lastly, for each marker type (nuclear, chloroplast, mitochondrial) we calculated
unbiased nuclear gene diversity (uHe) separately in the two regions, chloroplast unbiased
diversity (cpuH), and mitochondrial unbiased diversity (mtuH) (GenAlEx v. 6.5; Peakall
and Smouse 2012). We also assessed population structure using analysis of molecular
variation (AMOVA), as implemented in GenAlEx, to hierarchically partition genetic
variation and estimate Wright’s FST. Statistical significance (i.e., H0 = no genetic
differentiation among the populations) was determined by performing 1000 permutations.
Results
Heteroplasmy Assays
For the cox1 qPCR mixture experiment, the R2 value of the linear regression was
0.988, indicating a good fit of our artificial mixtures and Ct values from qPCR. As in
previous work, a minimum threshold frequency of 0.5% of the minority SNP variant was
used to define an individual as heteroplasmic (Mandel and McCauley 2015).
Overall, we found substantial levels of cox1 T:C heteroplasmy in the populations
sampled here. 113 of 265 individuals (42.6%) were heteroplasmic with each of the two
cox1 SNP variants serving as the minor variant in at least some heteroplasmic individuals
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(Supplemental Table S1). Of the remaining 152 individuals, 103 (67.8%) were
homoplasmic for the ‘C’ variant and 49 (32.2%) homoplasmic for the ‘T’ variant for the
SNP. In the Olympic region, 39 individuals (28.7%) were heteroplasmic, and in the
Nantucket region, 74 individuals (57.4%) were heteroplasmic (Supplementary Table S1).
Although there was indication of atp9 heteroplasmy based on the presence of a
second faint band in the correct size of one of the three alleles, we did not score any
individual as heteroplasmic. In the Olympic region there were 83, 31 and 15 individuals
with no insertion and with one and two copies of the insertion, respectively. In the
Nantucket region there were 30, 91 and 3 individuals with no insertion and with one and
two copies of the insertion, respectively.
A total of five alleles were present for StoG. Although some individuals contained
one major and two minor alleles (tri-heteroplasmic; Supplementary Fig. S1; see
Appendix 1 for all supplementary material), only the two highest allelic peaks were
called as the major and minor haplotypes. Thirty-six individuals were heteroplasmic
overall (13.6%). In the Olympic region all five alleles were present, and 102 were
homoplasmic for either 432, 438, 440, 444, or 445. Thirty-four (25.0%) were
heteroplasmic for either 440/445, 440/438, 438/440, or 445/438 (major/minor allele).
However, in the Nantucket region, only three alleles were present (438, 440, and 444),
and 127 individuals were homoplasmic. Two individuals (1.6%) were heteroplasmic, one
for 440/444 and one for 440/438 (Supplementary Table S1).
Heteroplasmy and Patterns of Linkage Disequilibrium
In the Olympic region nuclear D’ for the pooled dataset ranged from -0.63 to 0.36
(Supplementary Table S2; r2 values can be found in Supplementary Table S3). After

119

calculating cnLD between the mtDNA and nuclear genome, D’ for atp9 ranged from 0.39 to 0.33, D’ for cox1 ranged from -0.41 to 0.36. The range of D’ for StoG was -0.16
to 0.56 (Fig. 2; Supplementary Table S4). As heteroplasmy was present in both cox1 and
StoG, we divided these datasets into heteroplasmic and homoplasmic individuals for each
locus. D’ for the heteroplasmic cox1 dataset ranged from -0.48 to 1, and for the
homoplasmic cox1 dataset D’ ranged from -0.40 to 0.82. Four cox1-nuclear locus
combinations exhibited D’ values of 1 in the heteroplasmic dataset, but none were higher
than 0.82 in the homoplasmic dataset. D’ for the heteroplasmic StoG dataset ranged from
-0.48 to 1, and it ranged from -0.39 to 0.48 in the homoplasmic StoG dataset. Three
StoG-nuclear loci combinations had D’ values of 1 in the heteroplasmic dataset, yet the
highest D’ value in the homoplasmic dataset was 0.48 (Fig. 2). Paired D’ and r2 values for
each cytonuclear locus combination between heteroplasmic and homoplasmic datasets for
each region are presented in Supplementary Table S5.
After a Z-transformation, a test of pairwise significance, and a BenjaminiHochberg correction for false discovery between heteroplasmic and homoplasmic
datasets, four cox1-nuclear allelic pairs had D’ values significantly higher in the
heteroplasmic cox1 dataset, with each D’ value equal to 1. Four StoG-nuclear allelic pairs
had significantly higher D’ values in the heteroplasmic StoG dataset, with three of their
D’ values equaling 1(Fig. 2). For between organellar LD, D’ between cox1-StoG and
atp9-StoG was 0.40 for each. Within the mtDNA (cox1-atp9) D’ for the pooled dataset
was -0.68, but for the heteroplasmic and homoplasmic cox1 datasets D’ was 0.49 and 0.79, respectively. Each value was significantly different from zero based on a Fisher’s
Exact Test (see Table 1 for paired D’ and r2 values for each organellar locus
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combination).

Fig. 2 cnLD values between heteroplasmic and homoplasmic StoG (A) and cox1 (B)
datasets in the Olympic region and between heteroplasmic and homoplasmic cox1
datasets in the Nantucket region (C). Homoplasmic cnLD values are aligned along the
left and heteroplasmic cnLD values are aligned along the right of each. Lines indicate
paird cnLD values between homoplasmic and heteroplasmic datasets. Black lines indicate
significantly different heteroplasmic and homoplasmic cnLD values. Of those, dotted
lines indicate shared nuclear microsatellites (SSRs) in the Olympic region with
significantly different cnLD values between heteroplasmic and homoplasmic datasets for
StoG and cox1; dashed lines indicate shared nuclear SSRs with significantly different
cnLD values between the Olympic StoG heteroplasmic and homoplasmic datasets and the
Nantucket cox1 heteroplasmic and homoplasmic datasets.
In the Nantucket region nuclear D’ for the pooled dataset ranged from -0.66 to
0.51 (Supplementary Table S6; r2 values can be found in Supplementary Table S7). cnLD
between atp9 and cox1, separately, and the nuclear SSRs ranged from -0.28 to 0.34 and
from -0.86 to 1, respectively. StoG cnLD ranged from -0.57 to 0.40 (Supplementary
Table S4). We only scored heteroplasmy for cox1 in the Nantucket region, so we were
able to separate only this dataset into heteroplasmic and homoplasmic cox1 individuals.
D’ of the heteroplasmic cox1 dataset ranged from -1 to 1, and three cox1-nuclear allelic
combinations had D’ values of 1, and one other had a D’ value of -1. D’ of the
homoplasmic cox1 dataset ranged from -0.90 to 1, with only one cox1-nuclear allelic
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combination with D’ equal to 1 (Fig. 2). Each of these were significantly different from
zero based on a Fisher’s Exact test.

Table 1. Values of within and between organellar linkage disequilibrium (D’) for the
Olympic (left) and Nantucket (right) regions. D’ of cox1-atp9 are presented for each of
the pooled, heteroplasmic, and homoplasmic datasets. The value of D’ is standardized by
dividing D by the maximum value of D possible based on the observed allelic frequencies
pi, (1 − pi), and qj, (1 − qj) and ranges from -1 to 1, with D’ = 0 signifying linkage
equilibrium, random assortment, while D’ on either extreme indicating linkage
disequilibrium. mt = mitochondria; pt = plastid. All values except the one in bold are
significantly different from zero based on a Fisher’s Exact Test and after BenjaminiHochberg correction for multiple tests.

Locus Association
cox1-atp9
Pooled
Heteroplasmic
Homoplasmic
cox1-StoG
atp9-StoG

Olympic
Organellar
Association
mt-mt
mt-mt
mt-mt
mt-mt
mt-pt
mt-pt

2

D'

r

-0.68
0.46
-0.79
-0.4
0.4

0.122
0.028
0.25
0.019
0.1

Nantucket
Organellar
Locus Association
Association
cox1-atp9
mt-mt
Pooled
mt-mt
Heteroplasmic
mt-mt
Homoplasmic
mt-mt
cox1-StoG
mt-pt
atp9-StoG
mt-pt

D'

r2

0.81
0.12
1
-0.83
-0.22

0.207
0.009
0.44
0.062
0.013

After a Z-transformation and a test of pairwise significance, five cox1-nuclear
allelic pairs showed significantly different D’ values between the heteroplasmic and
homoplasmic cox1 datasets. Of these, four were higher in the heteroplasmic dataset, with
three of them equaling 1, while one was lower with D’ equal to -1 (Fig. 2). Between
organellar LD varied by mt gene: cox1-StoG D’ = 0.83, whereas atp9-StoG D’ = 0.22.
Within mtDNA also varied between each dataset. For the pooled dataset cox1-atp9 D’ =
0.81 and for the heteroplasmic and homoplasmic cox1 datasets cox1-atp9 D’ = 0.12 and
1, respectively. All organellar LD values were significantly different from zero based on
a Fisher’s Exact test, except for the heteroplasmic cox1-atp9 allelic combination (Table
1).
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In total, 13 cytonuclear allelic combinations had significant differences in
pairwise D’ values between heteroplasmic and homoplasmic datasets (12 are higher, and
one is lower, in the heteroplasmic datasets). Of four allelic pairs with significant
differences in the Olympic StoG datasets, one is shared with the Olympic cox1 dataset
and the remaining three are shared with the Nantucket cox1 dataset. No cytonuclear
allelic combinations with significant differences in cnLD are shared between the cox1
datasets of each region (Fig. 2).
It should be noted that after dividing the StoG and cox1 datasets into
heteroplasmic and homoplasmic subsets and necessarily reducing the sample sizes, fewer
values of D’ are significantly different from zero in the heteroplasmic subsets. Some
population genetic statistics including measures of gene diversity and population
structure can be found in Supplementary Table S8. The nuclear, chloroplast, and
mitochondrial values of population structure suggest substantial gene flow via pollen and
seed, and/or some degree of paternal inheritance of organellar genomes as previously
reported (Mandel et al. 2012; 2016).
Discussion
Uniparental inheritance of organelles is considered typical and thus should result
in offspring comprising a homogenous set of organellar DNA, i.e., homoplasmy.
However, studies continue to reveal that patterns of organellar inheritance are more fluid
than traditionally believed (e.g., Thyssen et al. 2012; see Fig. 1 in Ramsey and Mandel
2019). Investigations into organellar inheritance in animals is limited to mt, but studies in
plant organellar inheritance benefit from the presence of the pt. Values of LD between
organelles can offer indirect evidence of separate organellar inheritance patterns
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(McCauley 2013), while values of LD within organelles may indicate recombination
permitted by the underlying heteroplasmy generated through non-strict uniparental
inheritance.
Patterns of Organellar Linkage Disequilibrium
Given paternal transmission of organelles, heteroplasmy may be generated. Either
inherited maternally or augmented through additional paternal leakage events, such that it
is maintained across generations, heteroplasmy may play a role in shaping patterns of
within organellar LD. As within a heterozygous nuclear genome, recombination will act
to limit linkage between genes, given allelic variants are present within organellar
genomes (i.e., heteroplasmy; Mandel et al. 2012). In carrot recombination occurs within
both organellar genomes (Ruhlman et al. 2006; Iorizzo et al. 2012). Interestingly, even
though mtDNA LD varies between regions, here we show that within mtDNA LD varies
between each of the pooled and cox1 heteroplasmic and homoplasmic datasets. Pooled
individuals in each region have the highest absolute D’ magnitude while cox1
heteroplasmic individuals have D’ values closest to complete random assortment
(Supplementary Table S9). This indicates recombination within the mtDNA, permitted by
the presence, and possible maintenance across generations, of heteroplasmy.
Patterns of Cytonuclear Linkage Disequilibrium
Apart from cox1, the absolute magnitude of cnLD between each nuclear and
organellar locus for pooled individuals is relatively modest and quite similar between two
regions of the US, even though they are separated by more than 4,000 km
(Supplementary Table S9). We also found this pattern in the nucLD datasets.
Heteroplasmic individuals have more values of complete LD for cox1- and StoG-nuclear
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associations than either pooled or homoplasmic individuals. Moreover, mean and median
cox1- and StoG-nuclear D’ for heteroplasmic individuals are each higher compared to
homoplasmic individuals. McCauley (2013) suggests that paternal leakage and
heteroplasmy may be higher in populations with histories of hybridization or admixture.
Wild carrot in North America is introduced, most likely from multiple sources (e.g.,
different parts of Europe and the Mediterranean region) and in different parts of North
America. Multiple introductions likely permit hybridization and admixture in new ranges.
As this occurs, different cytonuclear allelic combinations may be formed, some of which
cause cytonuclear incompatibility. Given this incompatibility impacts fitness, some
combinations will not often be found together, impacting measures of LD. Furthermore,
our previous work in these regions has shown hybridization between wild and locallygrown crop carrot, some of which were shown to be heteroplasmic for StoG (Mandel et
al. 2016). Thus, processes of historic admixture, and contemporary hybridization with
crop carrot, in North American populations of wild carrot, may play a role in shaping the
patterns of cnLD displayed here.
While all four nuclear SSRs with significantly different associations with StoG
were shared with the cox1 dataset of either region, no such SSRs were shared between the
cox1 datasets between regions (Fig. 2). Given these results represent evolutionarilyrelevant cox1-nuclear associations, one might predict that the same cox1-nuclear
associations would be shared between regions, yet that is not what we found. With fewer
StoG alleles present in the Nantucket region, we found fewer heteroplasmic individuals
than in the Olympic region, as might be expected given the region-specific frequency of
paternal leakage events between individuals containing differing ptDNA. This necessarily
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limited calculating measures of StoG-nuclear cnLD in the Olympic region. The clear next
step is to interrogate another polymorphic pt locus for these measures of LD to determine
if the patterns we found here are consistent.
Summary and Implications for Cytonuclear Coevolution
In light of these findings, we suggest that heteroplasmy (potentially due to its
generation from paternal leakage) aids in the maintenance of cnLD, and it has potential
implications for cytonuclear interactions and coevolution. At the same time,
heteroplasmy acts to disrupt organellar LD, indirectly, possibly by enabling the
generation of new combinations of alleles during recombination. Although admixture and
hybridization can disrupt linkage within and between nuclear and organellar genomes,
and possibly cytonuclear compatibilities, we show that compared to homoplasmic
individuals, heteroplasmic individuals demonstrate higher levels of cnLD. In contrast,
each organellar LD value is closer to random assortment in heteroplasmic individuals
which would be expected given heteroplasmy and recombination (Mandel et al. 2012;
McCauley 2013). To test the hypothesis that heteroplasmy has maintained cnLD and
disrupted organellar LD in these regions with admixture, these patterns should be
compared to those in genetically-isolated populations from the native range of D. carota.
Homoplasmic individuals experiencing cytonuclear incompatibilities may have
lower fitness, and this has been suggested in humans for individuals with nuclear and
mtDNA genes of different ancestry (Zaidi and Makova 2018). However, heteroplasmy
could mitigate the negative effects of incompatible nuclear and organellar genes and
maintain individual fitness by providing alternative allelic variants to better match with
nuclear alleles. If selection pressures acting upon cytonuclear interactions are stronger

126

than those for organellar interactions, cnLD would be maintained at the population level
while organellar LD would be disrupted. Selection for heteroplasmy (possibly by the
nuclear genome) could even mitigate cytonuclear incompatibles by allowing for better
matching of organellar and nuclear alleles. These hypotheses await future testing;
however, for now, we suggest that heteroplasmy is an important source of genetic
variation within populations that should be considered.
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CHAPTER 5: ALTERED POLLINATION ECOLOGY OF A NATIVE PLANT
SPECIES IN THE PRESENCE OF AN ATTRACTIVE NON-NATIVE PLANT
SPECIES

Introduction
Humans have facilitated the movement of species past their natural ranges for
millennia. Within the last century, researchers have begun to document the effects of
introduced species on the ecology of native flora. Introduced species often outcompete
native species for limited resources including water, nutrients, space, or sunlight
(Bartomeus et al. 2008; Lopezaraiza-Mikel et al. 2007; Morales and Traveset 2009).
Well-known examples include Taraxacum spp. (dandelion, Kandori et al. 2009),
Lonicera japonica Thunb. (Japanese honeysuckle, Schierenbeck 2004), Pueraria
montana (Lour.) Merr. (kudzu, J.H. Miller and Edwards 1983), and Opuntia (L.) (prickly
pear cactus; Novoa et al. 2015). Finally, given that plants are keystone species in many
environments, the effects of non-native species may cascade to affect entire ecosystems.
Valtonen et al. (2006) suggested a “bottom-up” effect of the presence of the invasive
Lupinus polyphyllus Lindl. in areas of invasion. In addition to containing fewer butterflies
with a higher proportion of flying individuals, road verges containing L. polyphyllus
showed a decrease in species diversity of flora compared to road verges that contained no
L. polyphyllus.
In some cases, the effects of these interactions appear to be facilitative. For
example, non-native species with flowers that are attractive to pollinators may increase
pollinator visits and enhance pollination of native species, the so-called “magnet” species
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effect (Bartomeus et al. 2008; Muñoz and Cavieres 2008; Morales and Traveset 2009;
Bruckman and Campbell 2016). In populations of native species that are pollen- or
pollinator-limited, more pollinator visits could increase seed set. Albrecht et al. (2012)
demonstrated increased seed set with increasing pollinator diversity in a study of radish,
Raphanus sativus L. However, at the highest species richness investigated, there was no
difference in mean fruits per flower and a slight reduction in mean number of seeds set
per fruit compared to levels of moderate pollinator species richness.
A meta-analysis of 40 studies reported a significantly negative overall effect of
non-native species on native species via pollination disruption (Morales and Traveset
2009). Non-native species may alter pollinator behavior, and a pollinator that visits both
native and non-native species may follow one of three scenarios. The pollinator may
initially visit the non-native species before visiting the native species, it may visit the
non-native species after visiting the native species, or it may alternate from one to
another. Depending on where pollen is deposited on the pollinator and where stigmas
contact the body, stigmas of native species could be “contaminated” with heterospecific
pollen (Brown et al. 2002; Jakobsson et al. 2008) through interspecific pollen transfer
(Morales and Traveset 2008). Bruckman and Campbell (2016) showed that at low
densities of the exotic Brassica nigra (L.) W.D.J. Koch, an increase in visits yielded an
increase in seed set on the native species Phacelia parryi Torr., but at high densities
exotic pollen deposition overwhelmed their stigmas and reduced seed set. Presumably,
this amount of heterospecific pollen overloaded the stigma’s capacity or reduced the
amount of native pollen such that it interfered with pollen germination and/or pollen tube
growth and ultimately, fertilization (Bruckman and Campbell 2016). In a study of nine
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sympatric species, McLernon et al. (1996) found that they received different amounts of
heterospecific pollen and that up to 100% of pollen grains on stigmas were
heterospecific. Similarly, Larson et al. (2006) found no significant increase in conspecific
pollen loads and significantly lower conspecific pollen loads on native species in six of
eight communities studied. Under these conditions, pollinator behavior may reduce seed
set in native species (Bjerknes et al. 2007; Kandori et al. 2009; Vanparys et al. 2008).
Although the effects of non-native species on native species are variable, there are
some consistent patterns. Native flowers that morphologically resemble a non-native
flower will be affected more than native flowers that do not resemble a non-native
flower, even superficially (Kandori et al. 2009; Morales and Traveset 2009). Negative
effects are most prevalent when non-native species are at high densities relative to the
native species (Brown et al. 2002; Flanagan et al. 2010; Lopezaraiza-Mikel et al. 2007;
Muñoz and Cavieres 2008). Likewise, when both species are generalist-pollinated, they
may compete for the same pollinators, increasing the probability that the presence of the
non-native may impact native pollination (Bjerknes et al. 2007; Mitchell et al. 2009;
Morales and Traveset 2008, 2009).
We investigated whether the presence of a non-native plant, Daucus carota subsp.
carota (L.), impacts the pollination ecology of a native species, Sericocarpus asteroides
(L.) B.S.P. on Nantucket Island, Massachusetts (hereafter, Nantucket). No studies have
examined effects of the presence of D. carota on native species, and we selected S.
asteroides due to similarities with D. carota, which might make its pollination ecology
susceptible to disturbance by D. carota. Our project incorporated an observational study
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of both species’ pollinator activity, a manipulative experiment, and an examination of S.
asteroides inflorescences for heterospecific pollen.
Sericocarpus asteroides is common on sandplain grasslands (Farnsworth 2007),
many of which are currently protected by conservation organizations. Undisturbed
landscapes are typically resistant to invasion by D. carota, but human activities,
particularly development, can dramatically increase its presence on the landscape
(Buckley et al. 2007). Despite the high levels of conservation on Nantucket, human
development over the last two centuries has increased, and roadways have dissected
many sandplain grasslands. Many of the roadways near and within conservation
properties are unpaved, with sand as substrate, the sides of which are suitable habitat for
D. carota.
Our study consisted of three components: an observational study of S. asteroides
in populations containing D. carota (sympatric) and those containing no D. carota
(allopatric), a removal experiment where we restored sympatric S. asteroides populations
to an allopatric state through the removal of D. carota inflorescences, and an
observational study of the extent of heterospecific pollen deposition in various natural
populations of S. asteroides. We hypothesized that 1) The presence of D. carota would
increase the number and diversity of pollinators on S. asteroides; 2) The removal of D.
carota from sympatric plots would restore pollinator visits and diversity to those found in
plots with only S. asteroides; and 3) Higher levels of heterospecific pollen would be
found in S. asteroides populations located close to D. carota.

Materials and Methods
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Species Descriptions. Daucus carota (Queen Anne’s Lace, or wild carrot;
Apiaceae) is a common non-native species throughout North America. It is the wild
relative of crop carrot (D. carota subsp. sativus), and it is considered a highly invasive
species in many areas. In the United States, the species is typically biennial, as it grows a
rosette during the first year and bolts (flowers) May-August in the second year before
dying (Mitich 1996). The inflorescence of D. carota is a compound umbel composed of
hundreds of white florets. The species can grow 1-2 meters tall (Mitich 1996), though
there is considerable variation in height across populations (pers. obs.). Daucus carota is
reportedly generalist-pollinated in its native range of central Asia, and Diptera (flies) are
the most common pollinators (Ahmad and Aslam 2002; Westmoreland and Muntan
1996). In the United States individuals grow along roadsides and in disturbed landscapes,
and the species is documented in this type of environment on Nantucket (Sorrie and
Dunwiddie 1996). A single plant can produce several thousand spiny fruits (Lacey 1981;
Mitich 1996). The species was introduced to New England with the earliest settlers but
quickly escaped into the wild (Ahmad and Aslam 2002; Mitich 1996). It was described
on Nantucket in 1888 as being “Too common, a great pest; over-running entire fields”
(Owen 1888).
One native Nantucket Asteraceae (Compositae) species with a similar
morphology and life history as D. carota is Sericocarpus asteroides (toothed whitetop
aster). Like D. carota, this aster species produces a rosette of leaves during vegetative
growth and an upright stem when bolting. Sericocarpus asteroides is rhizomatous (pers.
obs.), although sexual reproduction does occur (Frey et al. 2007; Giblin 1997). It is
generalist-pollinated, possessing a corymb-like inflorescence composed of a variable
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number of heads (capitula), thus resembling a small compound umbel. Together with the
white florets, these characteristics give its inflorescences an overall morphology similar
to D. carota. On Nantucket, S. asteroides flowers from late June or early July through to
September (Bicknell 1915). Neither species is known to exhibit ultraviolet reflectance,
which may influence pollinator attractiveness.
Pollinator Observational Study. In June and July 2015 and June 2016, we
selected D. carota plots (some in sympatry with S. asteroides) from a survey of D. carota
and S. asteroides occurrences being undertaken concurrently (See Appendix 2 for all
supplementary FigShare documents; FigShare; all FigShare documents are available at
https://doi.org/10.6084/m9.figshare.7542191.v2). We relocated sites using their known
GPS coordinates and Smart Compass Pro (Smart Tools Co., Daegu, Republic of Korea)
installed on an Android smartphone with a GPS accuracy of <5m (van Diggelen et al.
2015). Peak pollinator activity for D. carota has been reported as 10:00-11:00 local time
(Goyal et al. 1989; Westmoreland and Muntan 1996; Ahmad and Aslam 2002). Thus, we
chose a 1-m2 plot with the highest floral density and observed pollinator activity for three
hours each morning (08:00-11:00). We observed 10 and seven separate D. carota
populations in 2015 and 2016, respectively.
It is worth noting that estimates of diversity may vary due to the approach used to
identify pollinator visitors. For example, Lamborn and Ollerton (2000) estimated 20
pollinator visitor species through visual inspection on wild carrot in central England,
whereas Bohart and Nye (1960) identified 334 insect species representing 71 families on
crop carrot inflorescences in Utah by collecting pollinator visitors. We visually identified
visitors in an apparent pollinating position (i.e., not on the sides or bottom of umbels).
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Although we were able to visually identify some pollinators to genus and/or species, we
did not collect pollinators. Therefore, we recorded pollinators at family level, similar to
Ahmad and Aslam (2002), Brown et al. (2002), and Parachnowitsch and Elle (2005). We
recorded local weather conditions hourly.
To determine whether D. carota increases the number of pollinator visitors and
pollinator diversity visiting S. asteroides, we performed one observational study (as for
D. carota) and one removal experiment. First, we divided the 23 populations of S.
asteroides recorded from a prior survey (FigShare) into two groups - those in sympatry
(<5m from one another and visible) and allopatry (>5m away and out of visual sight)
with respect to D. carota. We observed six sympatric and six allopatric populations in the
same fashion as for the D. carota pollinator survey, and we selected a random population
each morning based on their accessibility and size of the S. asteroides population
(preferring larger ones), alternating between sympatric and allopatric populations from
day to day.
Next, we returned to the five sympatric populations with the highest numbers of
D. carota present and performed a removal experiment. On day one (pre-removal) we
observed pollinator visitors as before. Immediately after observation, we searched for and
removed umbels of D. carota, so none were visible at eye level within the patch or
obscured from sight behind nearby bushes or curves in roads. We then observed
pollinators the following morning (post-removal). Anthers of Sericocarpus are known to
dehisce in the morning, and pollen be absent by day’s end (Giblin 1997). Therefore, we
observed S. asteroides between 08:00-11:00 in order to overlap with the highest period of
D. carota pollinator activity.
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We analyzed pollinator visitation at the family level. We calculated the Shannon’s
and Simpson diversity indices (H and D, respectively), the species richness and evenness
(used as family richness and evenness here; S and E, respectively) in Microsoft Excel
(2013) of total visits per plot, following Donaldson et al. (2002) and Fang and Huang
(2013), for the observational study and removal experiment. We performed a two-tailed ttest on the total number of visits between the sympatric and allopatric observational study
populations and another two-tailed t-test on the total number of visits between the preand post-removal plots. Additionally, it is known that floral density may impact
pollinator visitation (e.g., in Mustajärvi et al. 2001), so we addressed the possibility of
inflorescence density affecting the numbers of pollinators in three ways. First, to
determine if the number of inflorescences differed between observation plots with D.
carota and those that did not, we performed a two-tailed t-tests of the number of
inflorescences (sum of D. carota and S. asteroides) between sympatric and allopatric
populations and a two-tailed t-test between pre- and post-removal plots. Second, we
standardized the total number of visits by dividing that number by the number of S.
asteroides inflorescences within the 1-m2 observation plot, similar to Kandori et al.
(2009). Third, we standardized total visits in the sympatric populations and pre-removal
plots by dividing total visits by the sum of both species’ inflorescences. We again
performed t-tests as before using these standardized visits. We performed all t-tests in
JMP version 13.0.0 (SAS Institute, Cary, North Carolina).
Heterospecific Pollen Assay. To determine the amount of heterospecific pollen
on S. asteroides, we collected 15 inflorescences from each of the 23 S. asteroides
populations across Nantucket. We measured the distance of each S. asteroides population
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to the nearest D. carota population using their GPS coordinates and the Measure Distance
feature in Google Maps. We later verified and checked these values for accuracy by
measuring the same distances using QGIS version 3.4.3-Madeira (Open Source
Geospatial Foundation Project, http://qgis.osgeo.org/) and determining the average
distance between S. asteroides and D. carota for Google Maps and QGIS (337.8 and 336
m, respectively) and the average deviation and average percent deviation across all
populations (4.3 m and 6.5%, respectively). Once a population of S. asteroides was
located, 15 inflorescences were collected and stored in 70% ethanol on ice in the field
and during transfer to the University of Memphis, before being stored at -20°C in the lab.
We took note of the local floral community of each population and collected pollen
samples from flowering species across Nantucket to create a pollen key (see below);
however, we did not perform a rigorous survey of the floral community.
We then dissected the inflorescences and mounted all receptive stigmas from one
head of each inflorescence on a glass slide, which we covered with a cover slip, sealed
using clear nail polish, and observed under light microscopy (following Peterson et al.
2010). We created a dichotomous key of pollen samples, collected from species
flowering across Nantucket, based on their microscopic characteristics to generate a key
of pollen samples identified to the lowest possible taxon (D. carota, S. asteroides,
Achillea millifolum L., Rosa spp., Leucanthemum spp., Fabaceae spp.). We used this key
to identify and count pollen grains. However, some pollen grains were unidentifiable to
taxa in our key, so we scored these as one of four morphospecies (Unknowns 1, 2, 3, and
LrgUknown), based on their microscopic characteristics, and counted them. The number
of stigmas per head likely contributed to the amount of pollen per slide, so we
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standardized each total pollen count by dividing that number by the number of stigmas
per head. We used distance to the nearest D. carota population to predict total pollen,
standardized total pollen, and total heterospecific pollen, separately, in a Generalized
Linear Model with a Poisson distribution in JMP.

Results
Pollinator Observational Study. We observed a total of 654 pollinator visitors
(477 in 2015 and 177 in 2016; FigShare). These represented 16 different insect families –
three families of bees, two families of butterflies, five families of wasps, and six families
of flies. Although weather seemed to affect pollinator visits during one morning of rain,
which required a second visit, most days had sunny to moderate cloud cover and light
winds.
Table 1. Sample sizes (N), mean number of Sericocarpus asteroides L. inflorescences,
mean overall visits, and diversity indices for pollinator visitors within study plots. S =
mean family richness; H = Shannon diversity index; D = Simpson’s diversity index; E =
family evenness. See text for details of analyses.

Study Plot

N

Mean S. asteroides
Inflorescences (±SE)

Mean Overall
Visits (±SE)

S

H

Sympatric

6

17.5 ± 4.45

15.5 ± 4.58

3.17

0.8

Allopatric
Pre-removal

6
5

20.5 ± 4.95
12.4 ± 2.22

14.5 ± 5.69
35 ± 6.23

3.17 0.76 0.41 0.53
4.17 1.03 0.57 0.78

Post-removal

5

11 ± 2.03

16 ± 5.15

3

D

E

0.42 0.56

0.75 0.42 0.63

Sericocarpus asteroides attracted only eight of the 16 insect families observed on
D. carota – the three families of bees and two families of butterflies, one wasp family,
and two families of flies (FigShare). The distribution of the number of visitors was
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similar between species, with the majority comprised of sweat bees (Halictidae) followed
by families of flies (Calliphoridae, Muscidae, and Syrphidae). Weather was fairly
constant within and between years.
In the observational study, S. asteroides within sympatric and allopatric
populations received 93 and 87 total visits, respectively (Table 1). Diversity indices of
pollinator visitors were the same or higher for the sympatric populations, and the number
of inflorescences and mean visits were not significantly different between sympatric and
allopatric populations (Table 1). Total visits standardized by the number of S. asteroides
inflorescences and by total inflorescences were not significantly different between
sympatric and allopatric populations (Figure 1).

Figure 1. The number of pollinator visits to Sericocarpus asteroides L. A) Sympatric
plots were not significantly different than allopatric plots, either after standardizing by
the number of S. asteroides inflorescences (solid line) or by total inflorescences (dashed
line). B) Plots of S. asteroides received significantly fewer visits following the removal of
Daucus carota L. inflorescences after standardizing by both the number of S. asteroides
inflorescences and total inflorescences (p = 0.003 and p = 0.009, respectively).
In the removal experiment, S. asteroides within the pre-removal plots received a
total of 175 visits, and those within the post-removal plots received a total of 81 visits
(Table 1; Figure 1). Diversity indices for pollinator visitors were higher for the preremoval plots, and the mean number of inflorescences did not differ between pre- and
post-removal plots. Total pollinator visits did not differ between pre- and post-removal
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plots (Table 1). Total visits standardized by the number of S. asteroides inflorescences
and by the total number of inflorescences were significantly different between pre- and
post-removal plots (p = 0.002 and p = 0.005, respectively; Figure 1).
Heterospecific Pollen Assay. A total of 3292 stigmas from 325 inflorescences
were assayed for heterospecific pollen from 23 S. asteroides populations across
Nantucket (Table 2). Population distances from D. carota ranged from 10 m to 1172 m.
Of the 83991 pollen grains counted, 7023 (8.4%) were scored as heterospecific pollen,
with S. asteroides pollen comprising the remainder. Of the heterospecific pollen, only 91
(0.11% of total) were identified as D. carota (Table 2). Sericocarpus asteroides
populations closer to D. carota had higher numbers of total pollen and standardized
pollen per stigma compared to those farther from D. carota (each p = 0.0001). There was
no significant relationship between the amount of heterospecific pollen and the closest D.
carota population.
Table 2. Sericocarpus asteroides L. pollen counts and the percentage of the
total number of pollen grains by taxa and overall.

Taxa
Sericocarpus asteroides
Daucus carota
Achillea millefolium
Rosa virginiana
Fabaceae
Leucanthemum sp.
Unknown1
Unknown2
Unknown3
LrgUnknown
Total Heterospecific
Total

Count
76968
91
2599
206
146
3869
73
11
18
10
7023
83991
148

Percent of total
91.64
0.11
3.09
0.25
0.17
4.61
0.09
0.01
0.02
0.01
8.36
100

Discussion
The shared pollination ecology of D. carota and S. asteroides poses a potential
risk to the native species. Here, we have confirmed that both species are generalistpollinated. By far the most common pollinators were sweat bees (Halictidae), followed
by three families of flies (Muscidae, Calliphoridae, and Syrphidae). Presumably due to its
smaller, less attractive inflorescences, S. asteroides received fewer pollinator visits and
had a less diverse pollinator community overall. It is possible that S. asteroides has a
pollinator visitation peak outside of the observed time frame. Although anecdotal, we
were able to observe S. asteroides sites at various times throughout the day, but there was
usually little pollinator activity during early to mid-afternoon (pers. obs.).
Following the magnet species hypothesis (Laverty 1992; Morales and Traveset
2009), one would predict that the number of pollinator visits and the diversity of
pollinators found on S. asteroides would increase when in the presence of D. carota.
Such was the case on native species in the presence of the invasive Carpobrotus affine
acinaciformis (L.) L. Bolus in a study by Bartomeus et al. (2008). We also found this
trend in our study with an increase in visits to S. asteroides, whereby D. carota acts as the
magnet species. Moreover, S. asteroides received significantly fewer pollinator visits
following the removal of D. carota and its magnet effect.
Although the diversity of pollinator visitors between sympatric and allopatric
plots was essentially the same, pollinator visitor diversity decreased in plots post-removal
(Table 1). We observed post-removal plots only one day after removal. It would be
worthwhile to observe pollinator activity over an extended period of time. Subsequent
observations could be made during which D. carota inflorescences would re-emerge in
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the community. Based on our data, we predict that during the re-emergence of D. carota
inflorescences, pollinator activity would increase as the magnet effect is restored. This
aligns with Laverty (1992) in which higher fruit and seed set of Podophyllum peltatum
were found when Pedicularis canadensis was permitted to flower following a removal
experiment.
The greater difference in the diversity and number of pollinator visitors to S.
asteroides in the removal experiment compared to the observational study is noteworthy
(Table 1; Figure 1). This is likely a result of our inability to control for site, whereas the
pre- and post-removal plots were paired from one day to the next. Thus, we effectively
controlled for extraneous factors (e.g., the presence of human activity, local pollinator
community composition, and particularly the presence of other flowering species). Given
that the pollinator species composition in an area does not shift from one day to the next,
S. asteroides should have received the same diversity of pollinator visitors after the
removal of D. carota umbels, but with the removal of the magnet species, the diversity
decreased.
Interestingly, given these findings, there is no evidence for an increase in
heterospecific pollen. Yet it was present on nearly every inflorescence assayed and was
essentially equally common at all distances from D. carota. Site-specific differences in
the floral community existed, but in sites we observed, the floral communities typically
consisted of a combination of A. millefolium, R. virginiana, two Ranunculus species, and
two Leucanthemum species (pers. obs.). As we did not perform community-wide
assessments, we did not factor this information into our analyses. It is possible the
intervening topography contained additional flowering species for which we did not
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consider. Furthermore, the most proximal D. carota population to any given S. asteroides
population may not be the most ecologically-relevant. Pollinating insects are not likely to
follow straight paths, but rather zig-zag between patches or engage in trapline foraging
(Ohashi and Thomson 2009).
An increase in pollinator visitation would seem beneficial, though we did not
evaluate fertilization or seed set. However, as outlined in Morales and Traveset (2008)
fertilization and seed set may be impacted by the transfer of pollen in a frequencydependent manner during foraging, and Dietzsch et al. (2011) found decreasing
conspecific pollen with a corresponding increase in heterospecific pollen on the native
Digitalis purpurea L. in the presence of an invasive. We observed many pollinators
traveling between the two species (pers. obs.), potentially transferring pollen. Even
though the magnitude of heterospecific pollen levels can vary greatly (Morales and
Traveset 2008), the presence of only 91 D. carota pollen grains (~ 0.1%) is very striking
and unexpected (Table 2). The number of S. asteroides inflorescences with D. carota
pollen present was quite small (data not shown). We anticipated more interspecific pollen
transfer from D. carota, yet almost all heterospecific pollen is from other taxa. We did
find more overall pollen deposited on stigmas closer to D. carota, and as we found no
increase in heterospecific pollen, the overall increase is due to an increase in conspecific
pollen.
As plants are the foundation of almost all ecosystems, it is necessary to better
understand how non-native species impact native species. In a set of observational
studies, we showed that the presence of D. carota altered pollinator activity found on S.
asteroides, principally after the removal of D. carota umbels and its magnet effect.
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Second, the altered pollinator ecology increased conspecific, but not heterospecific,
pollen on S. asteroides. These results are particularly noteworthy on Nantucket since it is
known that plant species are more at risk from the impacts of invasive species (Pyšek et
al. 2012), and as of 1996, introduced species comprise 39% (489 species) of the island’s
flora (Sorrie and Dunwiddie 1996). These results add to the growing body of knowledge
about the various impacts non-native species have on native species and their
communities and highlights the continued need for research in this field.
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CHAPTER 6: CONCLUSION
During a thorough review of the primary literature, I gained substantial
knowledge of heteroplasmy from its initial discovery in 1909, to the development of
modern detection methods and its apparent pervasiveness within individuals and across
diverse taxa. Especially important to considerations of cytonuclear interactions is the
increase in understanding of organellar genomes as not being strictly uniparentallyinherited and composed of one small molecule. They are neither purely haploid, in the
strict sense, nor non-recombining. In Ramsey & Mandel (2019) we termed organellar
genomes as cytoploid, defined as to encompass the various characteristics that distinguish
it from both asexual (haploid) and sexual (diploid +) genomes. Plant organellar genomes,
in particular, deviate from the traditional view of organellar genomes. Although the
content of the mitochondrial (mt) genome (mtDNA) throughout eukaryotes and that of
the plastid (pt) genome (ptDNA) within plants is highly conserved, the structure of
organellar genomes is highly variable, complex, and dynamic in nature. The cytoploid
nature of organellar genomes complicates the subject of cytonuclear interactions. In my
research, I have narrowed the complexity of cytonuclear interactions to its interface with
heteroplasmy.
Cytonuclear interactions are becoming increasingly recognized as playing a vital
role in eukaryotic evolution (Havird et al., 2019). Traditionally, the study of geneticallyheritable traits has focused exclusively on nuclear genes. Yet as emphasis has increased
on the role of cytonuclear interactions and the methods to detect non-uniparental
inheritance and heteroplasmy have advanced in modern times, the impact of these
phenomena in determining phenotypic traits has been scrutinized. The field of
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cytonuclear interactions has attracted much attention, and new questions have arisen
through recent discoveries (McCauley, 2013). With my dissertation research presented
here, I have attempted to address some of these questions, yet many new lines of inquiry
have piqued my interest. I have approached my research from a bottoms-up approach. I
investigated cytonuclear interactions, but with the additional consideration of
heteroplasmy, at the individual phenotypic and population level in the gynodioecious
species Daucus carota.
At the individual level, heteroplasmy has the potential, and is often cited, to affect
phenotypes relating to fitness (Christie et al., 2011; Shen et al., 2019). Although the
results of my research are not conclusive, I do provide some evidence of an association
between heteroplasmy and specific phenotypic traits. In D. carota, heteroplasmic
individuals from certain populations survive longer than homoplasmic individuals.
However, in other populations, that pattern does not hold. It is probable that the
environment of the greenhouse where these plants were grown impacted their overall
phenomes (Wolff et al., 2014). Only one of the 19 accessions were collected from a
Memphis location, an accession most likely to experience its native environmental
conditions. Surprisingly, this accession faired among the worst in terms of germination,
growth, and phenology. Other accessions performed much better, chief among those are
the accessions collected from Europe. The experiment was conducted in a greenhouse
setting where all plants experienced the same temperature and watering regimes,
conditions which are not likely to be identical across the accessions’ geographic origins.
Complex nuclear gene by mt gene by pt gene (GxGxG) interactions may have produced
confounding factors which were not anticipated, nor precisely accounted. Even so,
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survivorship to flowering among some accessions was higher in heteroplasmic
individuals.
Perhaps the most conclusive data with the least amount of ambiguity presented
here are the results from the study of linkage disequilibrium between heteroplasmic and
homoplasmic individuals. As cytonuclear interactions are thought to involve tight linkage
between nuclear and organellar genes, levels of linkage disequilibrium (LD) between
organellar and nuclear genomes (cnLD) is expected to be high. High cnLD would
indicate non-random assortment of alleles presumably coevolved with one another, the
pairs of which maximize metabolic functions within cells. Additionally, given both the
mt and pt have the same pattern of uniparental (usually maternal) inheritance of
organelles and no recombination within organellar genomes, within and between
organellar LD is also expected to be high. Genes in each organellar genome are believed
to exist on one haploid molecule and inherited as a single unit. Genes among organellar
genomes with the same pattern of uniparental inheritance would also appear to be
transmitted as if physically being on the same molecule. Under this type of linkage, the
absolute magnitude of LD values is expected to approach 1.
However, in two geographic regions of North America (Olympic Peninsula,
Washington and Nantucket Island, Massachusetts) we found that cnLD and organellar
LD varied considerably (Ramsey et al., 2019). Linkage disequilibrium of 15 nuclear
allelic combinations neither varied between themselves nor among regions, indicating
near random assortment. Yet cytonuclear LD between the nuclear and three organellar
loci varied by each organellar locus and between regions. When samples were pooled
together, the absolute magnitude of cnLD was 1 for only cox1 in the Nantucket region.
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After dividing our dataset into cox1 heteroplasmic (n = 113) and homoplasmic (n
= 152) individuals in the Nantucket region and by the pt locus in the Olympic region, we
found cnLD differed between those groups. Each heteroplasmic dataset contained at least
one absolute cnLD value of 1, whereas only the cox1 homoplasmic dataset in the
Nantucket region contained that just one cnLD value of 1. After a Z-transformation test,
12 absolute cnLD values were significantly higher in the heteroplasmic datasets
compared to the homoplasmic datasets, whereas only one was significantly lower in the
homoplasmic datasets. The two mt loci also displayed different within organellar LD, and
organellar LD between the two mt loci and the pt varied within and between regions and
between cox1 heteroplasmic and homoplasmic datasets.
These results offer some intriguing interpretations. First, linkage due to
uniparental inheritance of both organelles does not seem to apply to the mtDNA and
ptDNA in D. carota. At least rare biparental inheritance of these organelles has been
documented (Boblenz et al., 1990; Mandel et al., 2016). If leakage of one or both
organelles is more common in D. carota than previously supposed, it should be expected
that between organellar LD values could approach near randomness (~0). Further,
recombination has been demonstrated by the 4-gamete rule (Mandel et al., 2012). Our
results also support this evidence as within mt LD varied between the cox1 pooled,
heteroplasmic, and homoplasmic datasets within and between regions, and between
organellar LD varied with the same pattern. As the organelles may have differing
inheritance patterns from one another, and recombination within their genomes, LD could
thus appear to be unstructured.
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A high level of organellar genetic variation may permit the existence of multiple
metabolic states. Through the interaction of various combinations of alleles in each
genome, slightly divergent protein complexes could exist. Coupled with environmental
variation, selection on these protein complexes and the genes from which they are
derived, may allow for better acclimation within generations and adaptation across
generations.
Although these results do not definitively demonstrate that heteroplasmy drives
patterns of cytonuclear and organellar LD, we do demonstrate that more work in this line
of inquiry, both in carrot and beyond, is warranted. Of particular interest is investigating
whether isolated populations of Daucus carota in its native range (populations with
presumably no introgression) contain heteroplasmy and whether they have the same
patterns of LD observed here. If heteroplasmy does exist, it may indicate that 1)
inheritance and paternal leakage is sufficient, and introgression is not necessary, to
maintain heteroplasmy across generations and within populations, and 2) heteroplasmy
may be driving the patterns of LD we uncovered.
Daucus carota has many appealing characteristics that make it useful when
considering the relationship between heteroplasmy and cytonuclear interactions. First, it
has proven as a favorable species to use in the short time required of a dissertation.
Cultivation is straightforward. It has a short generation time and high-quality DNA
extractions and downstream applications are easy to perform. Second, nothing about its
known genetic makeup would appear to present confounding factors when addressing
these questions. The nuclear genome is relatively small, at 473 Mb (Iorizzo et al., 2016),
and, in addition to having cytoploid characteristics (Ramsey and Mandel, 2019) which we
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deemed of importance, the organellar genomes are not exceptionally noteworthy when
put in the context of all characterized plant organellar genomes. Both organellar genomes
are believed to undergo recombination. The ptDNA contains 136 coding genes in a
circular molecule nearly 156 kb in size, typical of most other angiosperm species
sequenced to date (Ruhlman et al., 2006). The mtDNA is also typical of most other
angiosperm mtDNAs. It is 281 kb in size and contains 64 coding genes in a configuration
of three circular molecules. There is also evidence of DNA transfer from the mtDNA into
the ptDNA (Iorizzo et al., 2012). This latter fact has been known and accounted for in
this research, as we verified that our mt loci of interest were not were present in the pt.
The program used in Chapter 5, icHET, also incorporates this information as it is
designed to omit sequences that align to more than one of the three genomes (Phan et al.,
2019).
However, as my research progressed, it became evident that, like many other
study species in various fields, D. carota is inadequate to fully address my curiosity in
this field. In fact, a comprehensive survey of heteroplasmy and its role in cytonuclear
interactions across an assortment of species is needed, as many interactions may be
species-specific. Unsolved questions I sought to answer through my dissertation remain:
To what degree is heteroplasmy maternally-inherited, and does paternal leakage
contribute to the maintenance of heteroplasmy across generations? I was unable to
answer these questions with Daucus carota in my limited time as they would require an
investigation over the course of several generations, and therefore years. A
comprehensive design would need to be structured such that controlled crosses could be
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performed, crosses which I was unable to perform in D. carota during the time of my
research.
Additional questions have also arisen. To what degree is the relationship between
heteroplasmy and the environment determining cytonuclear interactions? Another
approach in examining cytonuclear interactions is incorporating environmental effects,
some of which have been discovered. In lab-reared Drosophila melanogaster with
specific mt mutations, temperature has been shown to affect males more than females
(Ma and O’Farrell, 2015), and in crosses of wild D. melanogaster designed to transplant
one mtDNA onto the nuclear background of a separate geographic origin, (Camus et al.,
2017), latitudinal effects were discovered in fitness characteristics. Although these
studies have reported heteroplasmy (and sometimes necessitated it in their design model),
none have explicitly investigated the interaction of heteroplasmy and the environment in
determining an effect on cytonuclear interactions. The next step would be to design
studies to interrogate that interface as well. In such a design utilizing plant species,
complex GxGxGxE interactions would need to be carefully teased apart. Such
interactions are likely to have been involved in the greenhouse fitness study presented
here. While these phenomena are complex, my dissertation research has laid the
foundation for future work in D. carota, as well as other plant species aimed at
disentangling cytonuclear interactions, fitness, and heteroplasmy.
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APPENDIX 1: CHAPTER 4 SUPPLEMENTARY MATERIAL

Supplementary Figure 1. Image of GeneMarker StoG analysis of a potential tri-heteroplasmic individual from
the Olympic region. Three alleles are present, a major 437 (called 438 in our analysis) and two minor, 440 and
445, alleles. Only the two largest peaks were retained in our analysis.
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Supplementary Table 1. Samples sizes from 12 populations in two regions of the United States, Olympic and Nantucket. n =
number of individuals assayed; nhet = number of individuals heteroplasmic for cox1 and StoG, left and right of vertical line,
respectively, per population and region; %het = percent of individuals heteroplasmic for cox1 and StoG, left and right of the
vertical line, respectively, per population and region.
Population

State

County

n

nhet

%het

Eberle

Washington

Clallam

36

25 | 16

69.4 | 44.4

Fasola

Washington

Clallam

11

5|0

45.5 | 0.0

Fencebird

Washington

Clallam

31

4 | 17

12.9 | 54.8

Hemlock

Washington

Clallam

14

1|0

7.1 | 0.0

Kendall

Washington

Clallam

16

1|0

6.3 | 0.0

Medsker

Washington

Clallam

13

2|1

15.4 | 7.7

Prince

Washington

Clallam

15

1|0

6.7 | 0.0

136

39 | 34

28.7 | 25.0

Olympic Total
Bartlett Farms

Massachusetts

Nantucket

37

11 | 1

29.7 | 0.0

Moors End

Massachusetts

Nantucket

47

42 | 0

89.4 | 0.0

Tuckernuck

Massachusetts

Nantucket

16

8|0

50.0 | 0.0

Cliff

Massachusetts

Nantucket

19

6|0

31.6 | 0.0

Polpis

Massachusetts

Nantucket

10

7|1

70.0 | 0.0

Nantucket Total

129

74 | 2

57.4 | 1.6

Overall Total

265

113 | 36

42.6 | 13.6
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Supplementary Table 2. Normalized nuclear linkage disequilibrium (D’) among 14 simple sequence repeat loci in the Olympic region.
All values, except those in bold are significantly different from zero based on Fisher’s Exact Tests and after a Benjamini-Hochberg
correction for multiple tests.
Locus
GSSR3
GSSR4
GSSR6
GSSR7
GSSR11
GSSR16
GSSR24
GSSR31
GSSR35
GSSR57
GSSR65
GSSR85
GSSR107
GSSR111

GSSR3
0.037
0.247
0.136
-0.006
-0.103
0.050
0.017
0.075
-0.053
-0.033
-0.334
-0.395
-0.582

GSSR4

GSSR6

GSSR7

GSSR11

GSSR16

GSSR24

GSSR31

GSSR35

GSSR57

GSSR65

GSSR85

GSSR107

GSSR111

-0.096
0.245
-0.144
0.089
-0.055
-0.120
0.031
0.019
-0.244
0.026
0.021
-0.530

0.214
0.057
-0.193
0.011
0.105
0.005
0.025
-0.131
-0.168
0.053
-0.169

-0.122
-0.176
0.157
-0.105
-0.098
-0.080
0.011
0.136
0.153
-0.428

0.002
0.127
0.089
0.250
0.033
-0.351
-0.095
0.070
-0.177

0.047
-0.352
-0.626
0.069
-0.019
-0.053
0.033
-0.398

0.055
-0.299
-0.332
0.017
0.086
0.356
0.154

0.178
0.019
0.110
-0.147
0.088
0.154

0.120
-0.133
0.005
0.187
-0.066

-0.179
-0.136
-0.260
-0.082

-0.378
0.009
0.108

0.184
-0.397

0.093

-
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Supplementary Table 3: Nuclear linkage disequilibrium r2 values among 14 simple sequence repeat loci in the Olympic region.
Locus

GSSR3

GSSR3

-

GSSR4

GSSR6

GSSR7

GSSR11

GSSR16

GSSR24

GSSR31

GSSR35

GSSR57

GSSR65

GSSR85

GSSR4

0.00084

GSSR6

0.03602

0.00088

GSSR7

0.01045

0.05633

0.04374

GSSR11

1.00E-05

0.00526

0.00121

0.00355

GSSR16

0.00227

0.00606

0.00469

0.00375

0

GSSR24

0.00197

0.00038

9.00E-05

0.01778

0.00814

0.00217

GSSR31

0.00027

0.00204

0.00741

0.00147

0.0044

0.02304

0.00274

GSSR35

0.00221

0.00062

2.00E-05

0.00057

0.0157

0.03262

0.00745

GSSR57

0.00078

0.0002

0.00035

0.00103

0.00071

0.00356

0.0246

0.0003

0.00533

GSSR65

0.00025

0.00836

0.00234

7.00E-05

0.04485

6.00E-05

0.00025

0.01197

0.0016

0.00777

GSSR85

0.01895

0.00063

0.00282

0.01668

0.0024

0.00038

0.00584

0.00322

2.00E-05

0.00328

0.02083

GSSR107

0.02251

0.0004

0.00253

0.02204

0.00168

0.00076

0.08575

0.0047

0.02568

0.01022

5.00E-05

0.02862

GSSR111

0.02854

0.01434

0.00142

0.0088

0.00413

0.01054

0.00946

0.00846

0.00015

0.00059

0.00425

0.00835

GSSR107

GSSR111

-
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0.01417

0.00503

-

Supplementary Table 4. Values of normalized cytonuclear linkage disequilibrium (D’) between 14 (Olympic) and 15
(Nantucket) nuclear and three organellar loci (mtDNA: atp9, cox1; ptDNA, StoG region) and the heteroplasmic and
homoplasmic partitions for cox1 and StoG. atp9 within each region and StoG in the Nantucket region. Hom = homoplasmic
dataset; Het = heteroplasmic dataset. * represent D’ significantly different from zero based on Fisher’s Exact Tests and after a
Benjamini-Hochberg correction for multiple tests.
Olympic
Nuclear locus

StoG
Pooled

StoG
Hom

StoG
Het

atp9

cox1
Pooled

cox1
Hom

cox1
Het

StoG

-0.4848

-0.0513

0.1332

-0.0885

-0.109

-0.769*

-0.899*

-0.299

-0.0087

1

-0.155

-0.1594

0.1667

-0.014

-0.259

-0.352*

-0.129

0.1864

-0.0435

-0.0105

-0.027

-0.35

0.337

0.211

-0.184

0.609

-0.3283

0.3968

-0.22

-0.1711

0.8239*

0.015

-0.860*

-0.857*

-1

-0.2301*

-

-

0.011

0.812

-0.633*

0

0.2062

atp9

cox1
Pooled

cox1
Hom

cox1
Het

GSSR3

.2133

-0.1598

-0.1107

GSSR4

-.3865*

0.5986*

0.5222*

GSSR6
GSSR7

.1512
.2549

0.1945
0.2403

0.2115
0.8167*

Nantucket

GSSR9

-

-

-

-

-

GSSR11

.0808

-0.4139*

-0.3841*

-0.24

0.0234

-0.0938

0.4286

0.026

0.372

-0.17

1

-0.0392

GSSR16

.0145

-0.0286

-0.0704

0.1014

0.2285

0.4082*

-0.0333

0.077

0.364

-0.205

-0.097

-0.1673

GSSR24

-.1761

0.1248

0.1501

1

0.0359

0.0134

-0.0425

0.028

0.074

-0.037

-0.036

-0.1838

GSSR31

0.0522

-0.0614

-0.0385

-0.0617

0.1980

0.0149

1*

-0.075

0.715*

0.707*

1

0.4*

1

-0.087

-0.3864

-0.026

-0.284*

-0.405*

-0.333

-0.377

0.0889

0.4831*

1

0.360

1*

1

1

0.1

GSSR35

0.1603

-0.3987*

-0.4023*

GSSR57

0.3294

-0.2045

-0.3284

0.4697

0.5574*

GSSR65

-0.1676

0.2544

0.2378

0.1429

0.1429

0.1677

0.2105

-0.203

-0.231

-0.296

-0.236

-0.5701*

GSSR85

-0.0827

0.0024

0.0449

-0.1111

0.0303

0.2582

0.4

-0.039

0.112

0.253

-0.250

0.0333

GSSR107

0.2411

-0.1442

-0.1236

1

0.2917

0.3878*

-0.4766*

0.301*

0.804

0.826*

0.704

0.1467

GSSR111

-0.1047

0.3553

0.5046

-0.12

0.2152

0.1005

1

-0.018

-0.205

-0.536*

1

-0.0179*
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Supplementary Table 5. Values of normalized cytonuclear linkage disequilibrium (D’) and r2 values between 14
(Olympic) and 15 (Nantucket) nuclear and the heteroplasmic and homoplasmic partitions for two organellar loci
(mtDNA: cox1; ptDNA, StoG region). Hom = homoplasmic dataset; Het = heteroplasmic dataset. * represent D’
significantly different from zero based on Fisher’s Exact Tests and after a Benjamini-Hochberg correction for multiple
tests.
Olympic

Nantucket

cox1
Nuclear locus

StoG

Hom

Het

cox1

Hom

D'

2

2

r

D'

r

GSSR3

-0.1107

0.0074

-0.4848

GSSR4

0.5222*

0.0005

1

GSSR6

0.2115

0.0076

GSSR7

0.8167*

GSSR9

Het

D'

2

r

0.0418

0.1332

0.0398

-0.1594

-0.0435

0.0004

0.1279

0.3968

-

-

-

GSSR11

-0.3841*

0.0581

-0.24

GSSR16

-0.0704

0.0034

0.1014

GSSR24

0.1501

0.6319

1

GSSR31

-0.0385

0.0012

GSSR35

-0.4023*

GSSR57

-0.3284

GSSR65

Hom

D'

2

r

0.0106

-0.0885

0.5436

0.1667

-0.027

0.0002

0.0052

-0.1711

-

Het

D'

2

r

D'

r2

0.0044

-0.899*

0.1722

-0.299

0.0105

0.0018

-0.352*

0.1215

-0.129

0.0103

-0.35

0.0466

-0.184

0.0331

0.609

0.0096

0.0096

0.8239*

0.1297

-0.857*

0.2109

-1

0.0005

-

-

-

-

-0.633*

0.0425

0

0.0005

0.0095

-0.0938

0.0038

0.4286

0.0520

-0.17

0.0509

1

0.0482

-0.0002

0.4082*

0.1046

-0.0333

0.0004

-0.205

0.0043

-0.097

0.0049

0.0285

0.0134

-0.0005

-0.0425

0.0008

-0.037

0.0001

-0.036

0.0013

-0.0617

0.0009

0.0149

0.0001

1*

0.2352

0.707*

0.0772

1

0.0397

0.0828

1

0.1021

-0.3864

0.0250

-0.026

0.0004

-0.333

0.0825

-0.377

0.0067

0.0159

0.4697

0.0120

0.4831*

0.0679

1

0.0014

1

0.2170

1

0.0001

0.2378

0.0210

0.1429

0.0012

0.1677

0.0100

0.2105

0.0051

-0.296

0.0444

-0.236

0.0035

GSSR85

0.0449

0.0005

-0.1111

0.0033

0.2582

0.0324

0.4

0.0242

0.253

0.0359

-0.250

0.0378

GSSR107

-0.1236

0.0098

1

0.0221

0.3878*

0.0878

-0.4766*

0.1595

0.826*

0.1441

0.704

0.0208

GSSR111

0.5046

0.0279

-0.12

0.0034

0.1005

0.0026

1

0.0421

-0.536*

0.2526

1

0.0007
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Supplementary Table 6. Normalized nuclear linkage disequilibrium (D’) among 14 simple sequence repeat loci in the Nantucket
region. All values, except those in bold are significantly different from zero based on Fisher’s Exact Tests and after a BenjaminiHochberg correction for multiple tests.
Locus
GSSR3
GSSR4
GSSR6
GSSR7
GSSR9
GSSR11
GSSR16
GSSR24
GSSR31
GSSR35
GSSR57
GSSR65
GSSR85
GSSR107
GSSR111

GSSR3
0.338
0.078
-0.089
-0.308
-0.102
-0.544
-0.225
0.026
-0.100
0.010
0.093
0.141
0.001
-0.375

GSSR4

GSSR6

GSSR7

GSSR9

GSSR11

GSSR16

GSSR24

GSSR31

GSSR35

GSSR57

GSSR65

GSSR85

GSSR107

GSSR111

-0.103
0.172
-0.615
-0.456
-0.005
-0.663
0.371
0.014
0.236
-0.179
0.137
0.244
0.030

0.106
-0.109
-0.102
-0.427
-0.139
0.117
-0.375
0.106
0.071
0.140
0.233
-0.447

-0.164
-0.482
-0.005
-0.494
0.318
-0.152
0.395
-0.015
0.094
0.038
0.079

0.020
0.140
0.014
0.109
0.077
0.054
-0.014
0.082
0.371
0.106

-0.239
0.455
-0.493
0.294
-0.522
0.049
-0.253
-0.007
0.032

0.068
0.363
0.122
-0.104
-0.198
-0.056
-0.051
0.415

-0.370
0.076
-0.297
0.130
-0.114
-0.198
0.121

-0.176
0.513
0.003
0.128
0.247
0.273

-0.037
0.068
-0.575
-0.314
0.130

0.021
0.070
0.003
-0.147

0.045
-0.118
-0.313

0.222
-0.191

0.138

-
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Supplementary Table 7: Nuclear linkage disequilibrium r2 values among 15 simple sequence repeat loci in the Nantucket region.
Locus

GSSR3

GSSR4

GSSR6

GSSR7

GSSR9

GSSR11

GSSR16

GSSR24

GSSR31

GSSR35

GSSR57

GSSR65

GSSR85

GSSR107

GSSR3

-

GSSR4

0.03589

-

GSSR6

0.00296

0.00116

-

GSSR7

0.00481

0.01086

0.00635

-

GSSR9

0.01469

0.01836

0.00089

0.00355

-

GSSR11

0.00758

0.04788

0.0037

0.1457

8.00E-05

-

GSSR16

0.05712

0

0.01705

0

0.01573

0.01131

-

GSSR24

0.02099

0.05723

0.00388

0.08637

8.00E-05

0.1169

0.00215

-

GSSR31

0.00058

0.05234

0.0081

0.09825

0.00312

0.14734

0.0433

0.04692

-

GSSR35

0.00268

0.00017

0.01825

0.00528

0.0034

0.03147

0.01083

0.00373

0.0068

-

GSSR57

9.00E-05

0.0204

0.00635

0.15588

0.00074

0.17074

0.00179

0.03129

0.2551

0.00031

-

GSSR65

0.00815

0.00675

0.00262

0.00013

3.00E-05

0.0022

0.00713

0.01047

1.00E-05

0.00185

0.00041

-

GSSR85

0.00955

0.01227

0.01935

0.00488

0.00303

0.02241

0.00029

0.00259

0.0095

0.04208

0.00276

0.00105

-

GSSR107

0

0.01838

0.02595

0.00119

0.02955

3.00E-05

0.00052

0.01643

0.04972

0.02668

1.00E-05

0.00936

0.02319

-

GSSR111

0.03291

0.00087

0.02272

0.00238

0.00743

0.00032

0.14173

0.00829

0.02953

0.01488

0.0043

0.0215

0.00405

0.00619
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GSSR111

-

Supplementary Table 8. Carrot population genetic diversity measures for nuclear,
chloroplast, and mitochondrial loci. uHe = unbiased nuclear gene diversity; cpuH =
chloroplast unbiased diversity and mtuH = mitochondrial unbiased diversity (Peakall and
Smouse 2012).
Population

Nuclear uHe

cpuH

mtuH

0.48
0.33
0.40
0.62
0.46
0.69
0.25

0.19
0
0.26
0.26
0.32
0.33
0.06
0.47
0.11
0.24
0.31
0.28
0.31
0.15

Olympic
Eberle
Fasola
Fencebird
Hemlock
Kendall
Medsker
Prince

0.76
0.62
0.70
0.80
0.67
0.78
0.69
Nantucket

Bartlett Farms
Moors End
Tuckernuck
Cliff
Polpis

0.73
0.72
0.80
0.60
0.64

0.47
0.04
0.00
0.53
0.56

Olympic FST
Nantucket FST

0.12
0.12

0.30
0.43
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Supplementary Table 9. Sorted and color coded absolute cytonuclear linkage disequilibrium
(|D’|) between 14 (Olympic) and 15 (Nantucket) nuclear and three organellar loci (mtDNA:
atp9, cox1; ptDNA, StoG region) and the heteroplasmic and homoplasmic partitions for
cox1 and StoG. atp9 within each region and StoG in the Nantucket region. Hom =
homoplasmic dataset; Het = heteroplasmic dataset; OLY = Olympic region; NAN =
Nantucket region.

atp9

Median
Mean
Standard Deviation
Standard Error

0.01
0.05
0.08
0.08
0.10
0.15
0.16
0.17
0.18
0.21
0.24
0.25
0.33
0.39

cox1
Pooled
0.00
0.03
0.06
0.12
0.14
0.16
0.19
0.20
0.24
0.25
0.36
0.40
0.41
0.60

0.16
0.17
0.10551
0.0282

0.20
0.23
0.17
0.04

Olympic
cox1 cox1
Hom
Het
0.04
0.04
0.04
0.06
0.07
0.10
0.11
0.11
0.12
0.12
0.15
0.14
0.21
0.24
0.24
0.40
0.33
0.47
0.38
0.48
0.40
1.00
0.50
1.00
0.52
1.00
0.82
1.00
0.22
0.28
0.23
0.06

0.32
0.44
0.39
0.11

StoG
Pooled
0.01
0.02
0.03
0.04
0.05
0.09
0.14
0.16
0.20
0.22
0.22
0.23
0.29
0.56

StoG
Hom
0.01
0.01
0.03
0.09
0.10
0.13
0.16
0.17
0.17
0.26
0.39
0.39
0.41
0.48

StoG
Het
0.03
0.03
0.04
0.09
0.17
0.21
0.35
0.40
0.43
0.48
0.82
1.00
1.00
1.00

atp9

0.15
0.16
0.15
0.04

0.16
0.20
0.16
0.04

0.38
0.43
0.38
0.1

0.08
0.13
0.13
0.03
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0.01
0.01
0.02
0.02
0.03
0.03
0.04
0.08
0.08
0.11
0.20
0.28
0.30
0.34
0.36

Nantucket
cox1
cox1
Pooled Hom
0.07
0.04
0.11
0.17
0.21
0.18
0.21
0.21
0.23
0.25
0.26
0.30
0.36
0.33
0.37
0.35
0.41
0.54
0.72
0.63
0.77
0.71
0.80
0.83
0.81
0.86
0.86
0.90
1.00
1.00
0.37
0.48
0.31
0.08

0.35
0.49
0.31
0.08

cox1
Het
0.00
0.04
0.10
0.13
0.24
0.25
0.30
0.38
0.61
0.70
1.00
1.00
1.00
1.00
1.00

StoG

0.38
0.52
0.4
0.1

0.17
0.18
0.16
0.04

0.01
0.02
0.03
0.04
0.09
0.10
0.15
0.17
0.18
0.19
0.21
0.23
0.33
0.40
0.57

APPENDIX 2: CHAPTER 5 SUPPLEMENTARY MATERIAL
Appendix S1. Populations of Daucus carota located across Nantucket Island, Massachusetts with GPS coordinates, distance to the
ocean and their average population density calculated from up to five density measurements.
Location No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

Location Site
Eel Point, LLF Property, Roadside.1
Nantucket Field Station, Driveway
Nantucket Field Station, field
Nantucket Field Station, Sea Bluff
M6 Condo, Backyard.1
M6 Condo, Backyard.2
Eel Point, LLF Property, Roadside.2
Eel Point, LLF Property, Roadside.3
Eel Point, LLF Property, Roadside.4
118 Bellevue, Eel Point Rd
5 Little Neck Rd
Entrance Rd, Little Neck
Little Neck Parking Lot, Beachside
10 Blue Heron Way
NILB Parking Lot
NILB, Pine Tree
NCF, Sanford Farm Overlook
NCF, Sanford Farm, Tile Silo
Waste Options, Madaket Bike Path
D.P.W. Office Entrance
East of DPW Entrance
Madaket, 3 Brick Stone, Roadside

Latitude
41.2932110
41.2950780
41.2960030
41.2967560
41.2733780
41.2730500
41.2914060
41.2919690
41.2921060
41.2924690
41.2794970
41.2793000
41.2797390
41.2816690
41.2807920
41.2812810
41.2828670
41.2811580
41.2822930
41.2832110
41.2822150
41.2818400
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Longitude
-70.1669590
-70.0404140
-70.0400360
-70.0389810
-70.1012720
-70.1018060
-70.1761000
-70.1748360
-70.1742750
-70.1722030
-70.1931250
-70.1935720
-70.1941250
-70.1904830
-70.1919640
-70.1920360
-70.1373640
-70.1381860
-70.1654490
-70.1675390
-70.1639630
-70.1552360

Ocean Distance
98.15
115.76
34.69
6.77
944.09
1001
265.77
217.2
204.55
181.45
273.86
250.08
6.57
111.26
192.9
80.57
1190
1381
1294
1209
1291
1288

Mean Density
6.2
21.2
11.2
8
10
3
63.8
13.4
28.4
30.2
18.6
17.6
53.5
8.4
1.333333333
1
8.2
7
4.8
3
3.666666667
17.6

Appendix S1 (continued).
Location No.
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

Location Site
Madaket Rd @ Worth Rd
NCF, Madaket Rd, West of Worth Rd
Madaket Rd, Bridge
Miacomet Rd, Loop.1
Miacomet Rd, Loop.2
Miacomet Beach Parking Lot
Miacomet Rock Walking Trail
Starbuck Rd, South Loop
Starbuck Rd, SE Loop
Proprietor Rd, Madaket Beach Parking Lot
48 Proprietors Rd
Pinetops, 54 Proprietors Rd
Arkansas Ave @ S. Cambridge St.
Head of Plains @ Red Barn Rd
Red Barn Rd Near Head of Plains
Red Barn Rd @ WNTX Driveway
Long Pond Sanctuary, Parking Lot
Massasoit Bridge Rd, Fork
36 Washington St.
2 Fairgrounds Rd
N Beach Rd @ Brant Pt Rd, field
Bathing Beach @ Hulbert Ave.
Jetties
Cliffside Beach Club
Brant Point Beach

Latitude
41.2819370
41.2819700
41.2820310
41.2455100
41.2448130
41.2433910
41.2470510
41.2694220
41.2691900
41.2630890
41.2703490
41.2713430
41.2767500
41.2702190
41.2697860
41.2683900
41.2721420
41.2730840
41.2812490
41.2804390
41.2910750
41.2933330
41.2941020
41.2937860
41.2900410

179

Longitude
-70.1581760
-70.1594810
-70.1609540
-70.1117830
-70.1114810
-70.1109580
-70.1139980
-70.1978960
-70.1968550
-70.1805810
-70.1939430
-70.1936440
-70.1869140
-70.1845650
-70.1840420
-70.1827010
-70.1848300
-70.1728990
-70.0957510
-70.0944620
-70.1029120
-70.1050770
-70.1049370
-70.1075840
-70.0914530

Ocean Distance
1297
1291
1289
360.52
276.07
107.43
466.27
73.07
68.15
75.7
176.02
285.84
519
678.35
647.23
567.55
844.7
1342.56
50.5
12.1
255.78
193.68
179.64
192.29
0

Mean Density
13.6
16.4
7.2
12.8
27
13.4
42.4
4.8
14.8
3
8
12
6.4
1.5
8.4
10.8
16
8
1
10
6.6
24.4
6.2
30.6
5

Appendix S1 (continued).
Location No.
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72

Location Site
New Ln @ Franklin St.
68-70 W. Chester St
96-98 W. Chester St
Crooked Ln @ Cliff Rd
The Tupancy Links
The Sound Bluff, The Tupancy Links
The Tupancy Links, Trail.1
The Tupancy Links, Trail.2
Cliff Rd Bike Path
186 Cliff Rd
7 Washing Pond Rd
27 Washing Pond Rd
26 Washing Pond Rd
39 Madaket Rd
Christian Science Society
Nantucket Cottage Hospital
Nantucket Tackle Center
Milestone Bike Path, 67 Milestone Rd
Larsen Acres, 4M
Milesone Overlook Trial, P.L. Entr.
Milesone Bog
220 Milestone Rd
Milesone Bog, North.
199 Polpis Rd, Polpis Bike Path
180 Polpis Rd, Polpis Bike Path

Latitude
41.2860680
41.2868590
41.2864200
41.2891460
41.2904550
41.2935410
41.2917610
41.2904350
41.2889980
41.2877810
41.2889160
41.2916060
41.2921920
41.2815610
41.2813930
41.2758060
41.2719400
41.2698900
41.2630900
41.2624970
41.2640060
41.2622760
41.2742970
41.2902890
41.2903690

180

Longitude
-70.1086500
-70.1119840
-70.1160570
-70.1208740
-70.1280810
-70.1295460
-70.1283260
-70.1267740
-70.1234230
-70.1281670
-70.1318370
-70.1357080
-70.1340300
-70.1153860
-70.1095250
-70.1014620
-70.0938710
-70.0647750
-69.9821220
-70.0127889
-70.0072980
-70.0086780
-70.0052660
-70.0380900
-70.0402390

Ocean Distance
955.1
873.76
876.96
552.21
365.44
12.49
214.25
364.9
507.51
656.31
546.41
220.8
160.11
1416.8
1166.66
777.51
628.41
1947.31
1625.44
2558.86
2574.95
2430.11
2655.42
702.49
568.9

Mean Density
3.25
38.4
7.4
9.333333333
13.8
2.5
5.25
11
3
6
9
32.8
6.5
11
1.666666667
15.4
17
2.5
2.5
37.5
17.33333333
14
3
6.8
18.8

Appendix S1 (continued).
Location No.
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97

Location Site
153 Polpis Rd, Polpis Bike Path
Polpis Bike Path
82 Polpis Rd, Polpis Bike Path
55R Polpis Rd, Polpis Bike Path
6 Fair St
20 Vesper Lane
Madaket Beach
Madaket Beach Place
Hummock Pond Rd @ Hellers Way
14 Hellers Way
Cisco Beach Bike Path
199R Hummock Pond Rd
167 Hummock Pond Rd
Advice 5Â¢
8 Somerset Ln
18 Somerset Ln
Raceway Dr @ Bartlett Rd
Tuckernuck.1
Madaket Harbor
Burnt Swamp Ln
Milestone Rd @ New St
Captain Cabin, Baxter Ave
36 Baxter Ave
Owl's Nest
Baxter Field Cliff

Latitude
41.2900290
41.2887120
41.2829280
41.2788090
41.2825430
41.2744710
41.2523820
41.2535570
41.2569510
41.2557380
41.2580340
41.2601750
41.2638770
41.2688400
41.2685730
41.2671520
41.2612140
41.3008770
41.2755810
41.2756000
41.2621410
41.2690390
41.2703800
41.2726090
41.2780210

181

Longitude
-70.0457080
-70.0501700
-70.0624170
-70.0679430
-70.0996300
-70.1019970
-70.1527070
-70.1516570
-70.1447480
-70.1403880
-70.1433310
-70.1406370
-70.1346820
-70.1247260
-70.1230260
-70.1221920
-70.1181080
-70.2485920
-70.1955700
-70.1231000
-69.9730050
-69.9625770
-69.9623020
-69.9621460
-69.9623570

Ocean Distance
465.56
744.56
785.45
958.94
341.96
902.47
27.3
183.21
734.42
680.44
880.01
1195.74
1705.9
2462.3
2478.39
2349.64
1866.84
70.07
7.94
2011.68
860.89
136.56
117.21
109.88
15.33

Mean Density
2
22.4
9.6
15.6
1.5
2.5
8.4
3.333333333
1.25
39.33333333
7.5
1
34.4
5.6
4.8
2.2
1.5
24
14.6
9
16
9.666666667
11.5
13.25
109.4

Appendix S1 (continued).
Location No.
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122

Location Site
Sankaty Lighthouse
Sankaty Rd @ Bayberry Sias Ln
Sankaty Rd @ Isobel's Way
Wells Guest Cottage
Meetinghouse Ln @ Sankaty Rd
20 Sconset Ave
South Rd
W Sankaty Rd @ Coffin St
New St @ Shell St
One Ocean Ave
Ocean Ave @ Carew Ln
19 Ocean Ave
Low Beach Rd Beach, NILB
Low Beach Rd
Underhill Ln @ Morey Ln
44 New St
15 1/2 Burnell
Blackfish @ Burnell St
Sconset Bike Path
Phillips Run Rd @ Milestone Rd
Milestone Rd @ Proprietors Way
69 Sparks Ave
Ruddick Commons
Proprietors Way @ Hinsdale Rd
8 Pine Tree Rd

Latitude
41.2829530
41.2757680
41.2739820
41.2743990
41.2711420
41.2592700
41.2661380
41.2656980
41.2629880
41.2612640
41.2589310
41.2554110
41.2535920
41.2511350
41.2578560
41.2627670
41.2646950
41.2668360
41.2621700
41.2625320
41.2694400
41.2747740
41.2655020
41.2645700
41.2630710

182

Longitude
-69.9649260
-69.9640790
-69.9640680
-69.9661460
-69.9639140
-69.9651650
-69.9656460
-69.9668670
-69.9641310
-69.9644000
-69.9652730
-69.9686370
-69.9682880
-69.9759930
-69.9670210
-69.9711460
-69.9691640
-69.9691980
-69.9796610
-69.9923940
-70.0615420
-70.0975400
-69.9764250
-70.0646400
-70.0650340

Ocean Distance
31.07
233.6
262.26
423.23
245.79
119.05
365.27
449.09
159.12
127.84
119.51
217.34
121.22
364.75
210.42
726.17
624.81
667.51
1391.15
2027.77
2027.77
598.86
1245.87
2204.8
2043.87

Mean Density
7
11.8
29.2
53.6
25.6
4.5
6.333333333
2.333333333
4
3.666666667
7.8
15
5
6.6
15.75
15.8
10
6
3
28.8
11
6
4
4
20.4

Appendix S1 (continued).
Location No.
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147

Location Site
Pine Tree Rd @ Old South Rd
Old South Rd Bike Path
Consignment Shop
Eel Pt Rd @ Dionis Beach Rd
Eel Pt Rd @ Primrose Ln
7 Eel Pt Rd
Surrey Ave @ Sandsbury Rd
Surrey Ave @ Old Tom Nevers Rd
Wanoma Way, Tom Nevers Beach
Nichols Rd
3 Bosworth Rd
JFK Bomb Shelter
7 New South Rd
Forked Pond Valley
Russells Way
38 Wigwam Rd
Wigwam Rd @ Russells Way
Milestone Bike Path, New South Rd
Surfside Beach Parking Lot, East
Surfside Beach Parking Lot, West
Farrell Beach, NILB
27 Western Ave
Uncatena St @ Nonantum Ave
Pochick Ave @ Surside Rd
Masaquett Ave @ Surside Rd

Latitude
41.2612850
41.2616050
41.2617620
41.2893360
41.2874240
41.2853730
41.2463320
41.2451830
41.2430110
41.2453970
41.2446660
41.2408600
41.2412810
41.2416030
41.2497150
41.2509220
41.2528190
41.2676040
41.2442170
41.2445410
41.2438920
41.2439470
41.2451410
41.2494270
41.2509260

183

Longitude
-70.0656750
-70.0683280
-70.0767130
-70.1499290
-70.1449310
-70.1416590
-69.9923480
-69.9926830
-69.9943970
-69.9948750
-69.9973740
-70.0049280
-70.0165810
-70.0228180
-70.0358860
-70.0336370
-70.0362690
-70.0488720
-70.0938150
-70.0947350
-70.0988950
-70.0973780
-70.0879220
-70.0943630
-70.0944300

Ocean Distance
1834.65
1866.84
1866.84
464.01
686.29
905.47
379.94
254.72
63.45
332.62
310.62
71.79
200.45
125.33
777.14
934.54
1124.2
2671.51
118.78
171.25
284.09
213.13
83.49
678.53
837.33

Mean Density
3.6
4.666666667
1
4
3
8.6
5.5
13.4
9.6
2.8
5.2
1.5
3
1
14
5
17.4
1
79.2
52.2
17.4
3.5
19.6
7.5
4

Appendix S1 (continued).
Location No.
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172

Location Site
124 Surfside Rd
South Shore Rd @ Surfside Rd
5 Wherowhero Ln
Zachary Way @ South Shore Rd
85-87 South Shore Rd
34 W Miacomet Rd, Miacomet Beach
28-34 W Miacomet Rd.1
28-34 W Miacomet Rd.2
28-34 W Miacomet Rd.3
6-28 W Miacomet Rd
76 Millbrook Rd
Millbrook Rd, NILB Property
55 Millbrook Rd
19 Burnt Swamp Ln
Massasoit Bridge Rd
2 Massasoit Bridge Rd
330 Madaket Rd
Ames Ave
Massachusetts Ave
Rhode Island Ave
Tennessee Ave
Tennessee Ave @ N Cambridge St
Vestal St @ Winn St
74 Monomoy Rd
Monomoy Harbor Path

Latitude
41.2541860
41.2585560
41.2576700
41.2505360
41.2455100
41.2438840
41.2455130
41.2490000
41.2501470
41.2534530
41.2692160
41.2767730
41.2763360
41.2756460
41.2747020
41.2713660
41.2712380
41.2733650
41.2737200
41.2734440
41.2761640
41.2790190
41.2887050
41.2813850
41.2789410

184

Longitude
-70.0938020
-70.0979400
-70.1013550
-70.1020150
-70.1048390
-70.1191130
-70.1179810
-70.1162560
-70.1156650
-70.1169910
-70.1302670
-70.1280030
-70.1264950
-70.1226280
-70.1679300
-70.1787050
-70.2011040
-70.2047280
-70.2093980
-70.2063850
-70.1932950
-70.1875650
-70.1101210
-70.0786900
-70.0832780

Ocean Distance
1190.77
1754.18
1786.37
1050.68
480.81
62.65
237.28
649.56
786.61
1108.58
2365.74
1882.93
1947.31
1995.59
1754.18
965.3
123.93
106.34
0
118.94
103.55
296.78
714.18
96.64
167.76

Mean Density
6.333333333
2.8
2.666666667
4
5.4
6.4
6.8
1
4
2.6
6
1
8.6
1.333333333
1
3.2
13.6
2
2
10
11.8
37.8
30.4
4.6
3

Appendix S1 (continued).
Location No.
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197

Location Site
47 Monomoy Rd
Eat Fire Spring Rd
16 Eat Fire Spring Rd
Wauwinet
Squam Rd @ Wauwinet Rd
Crow's Net Way @ Squam Rd
Squam Rd.1
Squam Rd.2
Squam Rd.3
Quidnet.1
Sesachacha
Windswept Cranberry Bog
Almanack Pond Rd.1
Almanack Pond Rd.2
Miacomet Golf Course, South
A Full House
W Miacomet Rd.1
W Miacomet Rd.2
Proprietors Way @ Mioxes Pond Rd
Proprietors Way
Heller Way
Bartlett Farm Rd
Cisco Brewery.1
240 Polpis Rd
9 Pocomo Rd

Latitude
41.2786650
41.3073590
41.3072060
41.3279320
41.3256560
41.3256240
41.3234390
41.3183950
41.3068220
41.3048150
41.3038950
41.2969980
41.2918320
41.2970390
41.2555500
41.2443260
41.2462810
41.2477250
41.2516190
41.2494780
41.2545940
41.2537520
41.2629230
41.2905200
41.3147400

185

Longitude
-70.0821990
-70.0068420
-70.0016010
-69.9966000
-69.9962050
-69.9937860
-69.9928110
-69.9918720
-69.9827280
-69.9798540
-69.9793950
-70.0058120
-70.0078290
-70.0113130
-70.1207230
-70.1205370
-70.1220660
-70.1229940
-70.1279400
-70.1291740
-70.1300570
-70.1310500
-70.1301240
-70.0241600
-70.0088330

Ocean Distance
139.64
146.55
586.4
214.34
316.9
132.31
170.16
336.63
190.87
95.94
118.23
749.81
1156.53
559.64
1207.16
83.29
228.96
322.58
577.12
316.32
828.84
717.13
1705.9
444.06
599.64

Mean Density
4.6
5.5
9.2
3.5
12.4
30
39
36.2
21
3
9.6
23.33333333
3
6.666666667
11
18.4
2.8
21.6
1.5
7.6
1
10.4
11.6
5.8
7.5

Appendix S1 (continued).
Location No.
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222

Location Site
Pocomo Rd.1
43 Pocomo Rd
79 Pocomo Rd
Pocomo Head
Polpis Harbor Rd
Red Barn Rd.1
Sheep Pond Rd
Red Barn Rd.2
Moors End.1
Moors End.2
Polpis Rd @ Sesachacha Pond
320 Polpis Rd
Rock Face
Airport, gravel lot
Airport 1
Airport 2
Airport 3, Sand Bank
Airport 4, field
Airport 5
Airport 6, Bunker
Airport 7
Airport 8, w/TWTA
Airport 9, west fence
Tom Nevers @ Norwood
Tom Nevers @ Kendrick

Latitude
41.3152130
41.3147360
41.3146100
41.3160470
41.3022670
41.2644170
41.2646750
41.2626830
41.2793100
41.2778900
41.2901360
41.2974770
41.2931870
41.2562610
41.2629430
41.2538350
41.2645170
41.2633590
41.2610080
41.2564100
41.2468510
41.2458980
41.2503080
41.2613330
41.2596710

186

Longitude
-70.0143830
-70.0208300
-70.0301340
-70.0323460
-70.0107010
-70.1810130
-70.1860610
-70.1767690
-70.0689670
-70.0708730
-69.9836180
-69.9978600
-70.0209490
-70.0662590
-70.0560760
-70.0530930
-70.0477730
-70.0484990
-70.0505150
-70.0547630
-70.0698990
-70.0705180
-70.0709310
-70.0135520
-70.0115950

Ocean Distance
328.23
181.32
115.77
0
35.54
158.45
65.3
241.86
874.03
831.93
1190.13
1866.84
164.99
1333.75
2140.43
1121.01
2349.64
2220.9
1931.31
1395.06
288.44
179.79
669.07
2478.39
2253.08

Mean Density
3.666666667
3.5
4.5
18.5
1.5
25.2
3.333333333
9.75
8.666666667
40.6
4
17.2
24.2
22
22.2
12.6
4.6
10.4
11.8
14.25
5.2
15.4
16.2
8.8
10.6

Appendix S1 (continued).
Location No.
223
224
225
226
227
228
229
230
231

Location Site
Tom Nevers @ Exeter
Tom Nevers @ Berkeley
Tom Nevers w/TWTA
Tom Nevers @ Marcus
Tom Nevers field cliff
16 Berkeley
22 Exeter
Wauwinet 1
Wauwinet 2

Latitude
41.2566330
41.2550520
41.2530440
41.2448370
41.2403650
41.2533260
41.2542220
41.3304300
41.3363340

187

Longitude
-70.0078590
-70.0059070
-70.0034340
-69.9976300
-70.0053130
-70.0069740
-70.0092270
-69.9972200
-70.0010140

Ocean Distance
1866.84
1641.53
1353.05
352.52
48.32
1503.37
1647.53
120.07
33.26

Mean Density
8
11.6
15
9.6
37.2
10.8
13
4.5
9

Appendix S2. Linear regression of the mean population density (± SE) by the distance
from the ocean (m). Average density per population were calculated from up to five
counts per population. Equation of line of best fit: y = -0.002765x + 14.32; Adjusted R2 =
0.01728; p = 0.0257.
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Appendix S3. Observed treatment sites with their GPS coordinates, the date of observation, population name, and local hourly weather
conditions for 8:00 to 11:00 am.
Latitude

Longitude

Temp.
(°C)

%
Humidity

Dew
Point (°C)

Wind
(kph)

Conditions

Time
(Hr)

41.27194

-70.093871

17.2

75

17

5

Clear

8:00

41.27194

-70.093871

21.7

76

17.2

11

Clear

9:00

41.27194

-70.093871

22.8

52

12.2

20

Clear

10:00

41.27194

-70.093871

22.8

52

12.2

20

Clear

11:00

41.290506

-70.128865

22.2

71

16.7

14

Clear

8:00

The Tupancy Links

41.290506

-70.128865

20.6

70

17

15

Clear

9:00

Native(allopatric)

The Tupancy Links

41.290506

-70.128865

21.1

65

15

12

Clear

10:00

The Tupancy Links

41.290506

-70.128865

21.1

64

15

11

Clear

11:00

Washing Pond Rd

41.288479

-70.131772

21.1

79

17.2

11

Clear

8:00

Washing Pond Rd

41.288479

-70.131772

21.1

78

17

10

Clear

9:00

Washing Pond Rd

41.288479

-70.131772

22.8

84

20

13

Washing Pond Rd

41.288479

-70.131772

22.8

84

20

13

7/8/2015

Native(allopatric)
Nonnative(allopatric)
Nonnative(allopatric)
Nonnative(allopatric)
Nonnative(allopatric)
Sympatric

Starbuck Rd

41.270231

-70.194051

18.9

80

19

10

Scattered
Clouds
Scattered
Clouds
Clear

7/8/2015

Sympatric

Starbuck Rd

41.270231

-70.194051

20

79

18

5

Clear

9:00

7/8/2015

Sympatric

Starbuck Rd

41.270231

-70.194051

20

79

18

5

Clear

10:00

7/8/2015

Sympatric

Starbuck Rd

41.270231

-70.194051

21.1

80

19

15

Clear

11:00

7/9/2015

Native(allopatric)

Ruddick Commons

41.265995

-69.976201

20.6

68

14.4

14

Overcast

8:00

7/9/2015

Native(allopatric)

Ruddick Commons

41.265995

-69.976201

18

72

14

14

Clear

9:00

7/9/2015

Native(allopatric)

Ruddick Commons

41.265995

-69.976201

19.4

57

12

10

Clear

10:00

Date

Treatment

Population

7/5/2015

Nonnative(allopatric)
Nonnative(allopatric)
Nonnative(allopatric)
Nonnative(allopatric)
Native(allopatric)

Nantucket Tackle
Center
Nantucket Tackle
Center
Nantucket Tackle
Center
Nantucket Tackle
Center
The Tupancy Links

7/5/2015

Native(allopatric)

7/5/2015
7/5/2015

7/3/2015
7/3/2015
7/3/2015
7/3/2015

7/7/2015
7/7/2015
7/7/2015
7/7/2015
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10:00
11:00
8:00

Appendix S3 (continued).

-69.976201

Temp.
(°C)
20.6

%
Humidity
68

Dew
Point (°C)
13

Wind
(kph)
7

Clear

Time
(Hr)
11:00

41.29001

-70.171507

23.9

66

15.6

16

Clear

8:00

41.29001

-70.171507

22.8

66

16.1

15

Clear

9:00

41.29001

-70.171507

23.3

66

16.1

10

Clear

10:00

41.29001

-70.171507

24.4

58

15.6

8

Clear

11:00

41.261379

-70.0659

24.4

67

17.8

13

Clear

8:00

41.261379

-70.0659

24.4

67

17.8

13

Clear

9:00

41.261379

-70.0659

24.4

67

17.8

13

Clear

10:00

41.261379

-70.0659

25.6

62

17.8

14

Clear

11:00

41.265514

-70.012435

22.8

84

20

6

Clear

8:00

Middle Moors

41.265514

-70.012435

22.8

84

20

6

Clear

9:00

Native(allopatric)

Middle Moors

41.265514

-70.012435

22.8

84

20

6

Clear

10:00

7/13/2015

Native(allopatric)

Middle Moors

41.265514

-70.012435

22.8

82

19.4

9

11:00

7/15/2015

Native(allopatric)

Ram Pasture

41.260507

-70.155101

26.7

94

22.8

9

7/15/2015

Native(allopatric)

Ram Pasture

41.260507

-70.155101

23.3

91

20

10

Clear
Mostly
Cloudy
Foggy

7/15/2015

Native(allopatric)

Ram Pasture

41.260507

-70.155101

23.3

94

22.2

15

Clear

10:00

7/15/2015

Native(allopatric)

Ram Pasture

41.260507

-70.155101

26.7

82

22.8

12

Clear

11:00

7/17/2015

Sympatric

The Tupancy Links

41.290411

-70.12783

20

76

16.1

7

Clear

8:00

7/17/2015

Sympatric

The Tupancy Links

41.290411

-70.12783

20

75

16.1

7

Clear

9:00

Date

Treatment

Population

Latitude

Longitude

7/9/2015

Native(allopatric)

41.265995

7/11/2015

Native(allopatric)

7/11/2015

Native(allopatric)

7/11/2015

Native(allopatric)

7/11/2015

Native(allopatric)

7/13/2015

Nonnative(allopatric)
Nonnative(allopatric)
Nonnative(allopatric)
Nonnative(allopatric)
Native(allopatric)

Ruddick Commons
Linda Loring
Foundation
Linda Loring
Foundation
Linda Loring
Foundation
Linda Loring
Foundation
Pine Tree Rd @ Old
South Rd
Pine Tree Rd @ Old
South Rd
Pine Tree Rd @ Old
South Rd
Pine Tree Rd @ Old
South Rd
Middle Moors

7/13/2015

Native(allopatric)

7/13/2015

7/12/2015
7/12/2015
7/12/2015
7/12/2015
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Conditions

8:00
9:00

Appendix S3 (continued).

-70.12783

Temp.
(°C)
21.1

%
Humidity
68

Dew
Point (°C)
17.2

Wind
(kph)
9

Clear

Time
(Hr)
10:00

41.290411

-70.12783

22.2

76

17.2

9

Clear

11:00

Miacomet Rd

41.24479

-70.111335

21.7

87

19.4

8

Overcast

8:00

Sympatric

Miacomet Rd

41.24479

-70.111335

21.7

87

19.4

8

Overcast

9:00

7/19/2015

Sympatric

Miacomet Rd

41.24479

-70.111335

22.2

87

20

11

Overcast

10:00

7/19/2015

Sympatric

Miacomet Rd

41.24479

-70.111335

22.2

93

21

10

11:00

41.251299

-70.115314

23.3

90

21.7

10

West Miacomet Rd

41.251299

-70.115314

25

85

22

11

Sympatric

West Miacomet Rd

41.251299

-70.115314

25.6

79

21.7

11

Mist
Partly
Cloudy
Partly
Cloudy
Clear

7/20/2015

Sympatric

West Miacomet Rd

7/20/2015

Sympatric

7/20/2015
7/20/2015

Sympatric

41.251299

-70.115314

23.3

90

22.2

12

Sympatric

41.270194

-70.184774

25

85

22.2

0

7/21/2015

Sympatric

41.270194

-70.184774

25

85

22.2

0

7/21/2015

Sympatric

41.270194

-70.184774

25

85

22.2

0

Clear
Scattered
Clouds
Scattered
Clouds
Scattered
Clouds

11:00

7/21/2015

7/21/2015

Sympatric

West Miacomet Rd
Red Barn Rd @ Head
of Plains Rd
Red Barn Rd @ Head
of Plains Rd
Red Barn Rd @ Head
of Plains Rd
Red Barn Rd @ Head
of Plains Rd

41.270194

-70.184774

24.4

85

21.7

8

Clear

11:00

M6 Condo Backyard

41.2732

-70.101602

24.4

64

17.2

16

Clear

8:00

M6 Condo Backyard

41.2732

-70.101602

24.4

64

17.2

16

Clear

9:00

M6 Condo Backyard

41.2732

-70.101602

24.4

64

17.2

16

Clear

10:00

M6 Condo Backyard

41.2732

-70.101602

24.4

64

17.2

16

Clear

11:00

Date

Treatment

Population

Latitude

Longitude

7/17/2015

Sympatric

The Tupancy Links

41.290411

7/17/2015

Sympatric

The Tupancy Links

7/19/2015

Sympatric

7/19/2015

7/22/2015
7/22/2015
7/22/2015
7/22/2015

Nonnative(allopatric)
Nonnative(allopatric)
Nonnative(allopatric)
Nonnative(allopatric)
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Conditions

8:00
9:00
10:00

8:00
9:00
10:00

Appendix S3 (continued).
Date
7/14/2016
7/14/2016
7/14/2016
7/14/2016

Treatment
Nonnative(allopatric)
Nonnative(allopatric)
Nonnative(allopatric)
Nonnative(allopatric)

Population

Latitude

The Sea Grille

41.271908

The Sea Grille

41.271908

The Sea Grille

41.271908

The Sea Grille

41.271908

7/15/2016

Native(allopatric)

7/15/2016

Native(allopatric)

7/15/2016

Native(allopatric)

7/15/2016

Native(allopatric)

7/16/2016

Pre-removal

Linda Loring Osprey
Nest
Linda Loring Osprey
Nest
Linda Loring Osprey
Nest
Linda Loring Osprey
Nest
The Tupancy Links.2

7/16/2016

Pre-removal

7/16/2016

Longitude
70.0940741
70.0940741
70.0940741
70.0940741

Temp.
(°C)

%
Humidity

Dew
Point (°C)

Wind
(kph)

Conditions

Time
(Hr)

20

93

18

12

Clear

8:00

21.7

87

17.2

10

Clear

9:00

21.7

87

17

12

Clear

10:00

21.7

87

17

12

Clear

11:00

41.290714

-70.170426

21.1

90

16.8

10

Clear

8:00

41.290714

-70.170426

21.7

90

15

16

Clear

9:00

41.290714

-70.170426

21.7

90

15.5

16

Clear

10:00

41.290714

-70.170426

21.7

90

15.5

16

Clear

11:00

41.290508

-70.128057

25.6

76

20.1

0

Clear

8:00

The Tupancy Links.2

41.290508

-70.128057

23.3

85

19

10

Clear

9:00

Pre-removal

The Tupancy Links.2

41.290508

-70.128057

23.3

85

19

11

Clear

10:00

7/16/2016

Pre-removal

The Tupancy Links.2

41.290508

-70.128057

23.3

80

18.5

11

Clear

11:00

7/17/2016

Post-removal

The Tupancy Links.2

41.290508

-70.128057

20.5

100

21

11

Overcast

8:00

7/17/2016

Post-removal

The Tupancy Links.2

41.290508

-70.128057

21.1

95

20.5

11

Overcast

9:00

7/17/2016

Post-removal

The Tupancy Links.2

41.290508

-70.128057

21.6

95

20.5

11

Overcast

10:00

7/17/2016

Post-removal

41.290508

-70.128057

21.6

90

20

10

Pre-removal

41.27019

-70.184541

20.5

100

20

19

7/18/2016

Pre-removal

41.27019

-70.184541

21.1

100

21

19

Overcast
Partly
Cloudy
Partly
Cloudy

11:00

7/18/2016

The Tupancy Links.2
Red Barn Rd @ Head
of Plains Rd.2
Red Barn Rd @ Head
of Plains Rd.2
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8:00
9:00

Appendix S3 (continued).
Date

Treatment

7/18/2016

Pre-removal

7/18/2016

Pre-removal

7/19/2016

Post-removal

7/19/2016

Post-removal

7/19/2016

Post-removal

7/19/2016

Post-removal

7/21/2016
7/21/2016

Population

Latitude

Longitude

Temp.
(°C)

%
Humidity

Dew
Point (°C)

Wind
(kph)

41.27019

-70.184541

21.1

97

21

28

41.27019

-70.184541

21.1

95

20.5

20

41.27019

-70.184541

22.8

85

20

14

Clear

8:00

41.27019

-70.184541

25

74

20

13

Clear

9:00

41.27019

-70.184541

25

73

19.5

17

Clear

10:00

Conditions

41.27019

-70.184541

25.5

74

20

17

Clear

11:00

Pre-removal

Red Barn Rd @ Head
of Plains Rd.2
Red Barn Rd @ Head
of Plains Rd.2
Red Barn Rd @ Head
of Plains Rd.2
Red Barn Rd @ Head
of Plains Rd.2
Red Barn Rd @ Head
of Plains Rd.2
Red Barn Rd @ Head
of Plains Rd.2
Miacomet Trail.2

41.246066

-70.111801

22.2

84

18

6

Clear

8:00

Pre-removal

Miacomet Trail.2

41.246066

-70.111801

23.9

69

16

6

Clear

9:00

7/21/2016

Pre-removal

Miacomet Trail.2

41.246066

-70.111801

23.9

69

16

6

Clear

10:00

7/21/2016

Pre-removal

Miacomet Trail.2

41.246066

-70.111801

25

49

14

11

Clear

11:00

7/23/2016

Post-removal

Miacomet Trail.2

41.246066

-70.111801

22.2

94

21

16

Clear

8:00

7/23/2016

Post-removal

Miacomet Trail.2

41.246066

-70.111801

23.3

85

21

21

Clear

9:00

7/23/2016

Post-removal

Miacomet Trail.2

41.246066

-70.111801

24.4

82

21.5

27

Clear

10:00

7/23/2016

Post-removal

Miacomet Trail.2

41.246066

-70.111801

24.4

82

21.5

29

Clear

11:00

7/24/2016

Pre-removal

Tom Nevers

41.253104

-70.003545

20

80

17

15

Clear

8:00

7/24/2016

Pre-removal

Tom Nevers

41.253104

-70.003545

20.1

75

16

14

Clear

9:00

7/24/2016

Pre-removal

Tom Nevers

41.253104

-70.003545

22

90

20

16

Clear

10:00

7/24/2016

Pre-removal

Tom Nevers

41.253104

-70.003545

22

95

21

10

Clear

11:00

7/25/2016

Post-removal

Tom Nevers

41.253104

-70.003545

21.7

94

20

11

Clear

8:00

7/25/2016

Post-removal

Tom Nevers

41.253104

-70.003545

21.7

93

20

21

Clear

9:00

7/25/2016

Post-removal

Tom Nevers

41.253104

-70.003545

22.8

88

20.1

21

Clear

10:00
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Partly
Cloudy
Partly
Cloudy

Time
(Hr)
10:00
11:00

Appendix S3 (continued).
Date

Treatment

Population

Latitude

Longitude

7/25/2016

Post-removal

Tom Nevers

41.253104

-70.003545

194

Temp.
(°C)
22.8

%
Humidity
87

Dew
Point (°C)
20

Wind
(kph)
21

Conditions
Clear

Time
(Hr)
11:00

Appendix S4. Populations of Sericocarpus asteroides located across Nantucket Island,
Massachusetts with their GPS coordinates.
Location Number

Location Site

Latitude

Longitude

1

Linda Loring Foundation.1

41.289992

-70.171492

2

Linda Loring Foundation.2

41.289914

-70.172725

3

ACK Sparkle Clean

41.286922

-70.174961

4

Linda Loring Foundation.3

41.289061

-70.174649

5

Linda Loring Foundation.4

41.291503

-70.170817

6

LLF, Beach Trail, South end

41.287781

-70.177794

7

Sanford Farm

41.278289

-70.137069

8

North Head Hummock Pond, Sanford Farm

41.277894

-70.135561

9

Sanford Farm, W of deer exclosure

41.276303

-70.137775

10

NILB, Madaket Rd to Eel Pt property

41.283573

-70.156976

11

NILB, Worth Rd property

41.285976

-70.155407

12

Dionis

41.287827

-70.159307

13

Miacomet Rd

41.244914

-70.111420

14

Head of Prairies @ Red Barn Rd

41.270177

-70.184992

15

The Tupancy Links

41.290455

-70.128081

16

The Tupancy Links, West Entrance

41.288227

-70.131163

17

Milestone Trail

41.265514

-70.012435

18

The Tupancy Links.2

41.291761

-70.128326

19

Tuckernuck.1

41.300877

-70.248592

20

Middle Moors

41.265514

-70.012435

21

West Miacomet Rd

41.251299

-70.115314

22

Ram Pasture

41.260507

-70.155101

23

Ruddick Commons

41.265995

-69.976201

24

Starbuck Rd

41.270231

-70.194051

25

Linda Loring.1

41.290700

-70.170427

26

Linda Loring.2

41.290257

-70.171681

27

The Tupancy Links.1

41.290537

-70.128030

28

The Tupancy Links.2

41.290748

-70.128431

29

The Tupancy Links.3

41.292683

-70.129337

30

Red Barn @ Head of Plains

41.270166

-70.184936

31

Red Barn Rd

41.271229

-70.185237

32

225 Madaket Rd

41.277954

-70.182333

33

Madaket @ Worth

41.281781

-70.158223

34

Northern Loop @ Ram Pasture

41.279454

-70.138048

35

Ram Pasture Rd.1

41.275887

-70.140255

36

Ram Pasture Rd.2

41.273783

-70.140407

37

Ram Pasture @ Ocean Walk

41.260781

-70.154432
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Appendix S4 (continued).
Location Number

Location Site

Latitude

Longitude

38

Ram Pasture Rd.3

41.260414

-70.155120

39

280 Miacomet Rd

41.244408

-70.110810

40

146 Miacomet Rd

41.248534

-70.114390

41

Middle Moors.1

41.265705

-70.012212

42

Middle Moors.2

41.264824

-70.013954

43

Milestone @ South Pasture

41.264464

-70.026957

44

Sconset Bike Path @ Phillips Run

41.262284

-69.990021

45

Milestone @ Skinners

41.263067

-69.977518

46

Wauwinet @ Fargo

41.317307

-70.006141

47

101 Polpis Rd

41.285003

-70.057695
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Appendix S5. The total number of visits by pollinator family observed on Daucus carota (A) and Sericocarpus asteroides (B) when in
allopatry or sympatry with the other, and the pollinator distribution of the pre- and post-removal treatments for S. asteroides (C).
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Appendix S6: Populations collected for the heterospecific pollen assay, their GPS coordinates, and the number, name, GPS
coordinates, and distance to the nearest Daucus carota population. Fifteen inflorescences were collected from each population.
Site
Number

Site Location

Latitude

Longitude

Distance

Closest
QAL
Pop. No.

Closest QAL Pop. Name

Latitude

Longitude

1a

Linda Loring.1

41.2907000

-70.1704270

248.12

10

118 Bellevue, Eel Point Rd

41.2924690

-70.1722030

2a

Linda Loring.2

41.2902570

-70.1716810

247.02

10

118 Bellevue, Eel Point Rd

41.2924690

-70.1722030

3a

The Tupancy Links.1

41.2905370

-70.1280300

9.77

52

The Tupancy Links

41.2904550

-70.1280810

4a

The Tupancy Links.2

41.2907480

-70.1284310

43.46

52

The Tupancy Links

41.2904550

-70.1280810

5a

The Tupancy Links.3

41.2926830

-70.1293370

95.98

53

41.2935410

-70.1295460

6a

Red Barn @ Head of
Plains

41.2701660

-70.1849360

31.74

36

41.2702190

-70.1845650

7a

Red Barn Rd

41.2712290

-70.1852370

107.32

39

41.2721420

-70.1848300

8a

225 Madaket Rd

41.2779540

-70.1823330

405.15

35

41.2767500

-70.1869140

9a

Madaket @ Worth

41.2817810

-70.1582230

18.38

23

41.2819370

-70.1581760

10a

Northern Loop @ Ram
Pasture

41.2794540

-70.1380480

190.37

18

41.2811580

-70.1381860

11a

Ram Pasture Rd.1

41.2758870

-70.1402550

609.98

18

41.2811580

-70.1381860

12a

Ram Pasture Rd.2

41.2737830

-70.1404070

837.17

18

41.2811580

-70.1381860

13a

Ram Pasture @ Ocean
Walk

41.2607810

-70.1544320

836.1

80

Madaket Beach Place

41.2535570

-70.1516570

14a

Ram Pasture Rd.3

41.2604140

-70.1551200

816.89

80

Madaket Beach Place

41.2535570

-70.1516570

15a

280 Miacomet Rd

41.2444080

-70.1108100

72.06

27

Miacomet Rd, Loop.2

41.2448130

-70.1114810

16a

146 Miacomet Rd

41.2485340

-70.1143900

168.49

29

Miacomet Rock Walking
Trail

41.2470510

-70.1139980
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The Sound Bluff, The
Tupancy Links
Head of Plains @ Red Barn
Rd
Long Pond Sanctuary,
Parking Lot
Arkansas Ave @ S.
Cambridge St.
Madaket Rd @ Worth Rd
NCF, Sanford Farm, Tile
Silo
NCF, Sanford Farm, Tile
Silo
NCF, Sanford Farm, Tile
Silo

Appendix S6 (continued).
Site
Number

Site Location

Latitude

Longitude

Distance

Closest
QAL
Pop. No.

17a

Middle Moors.1

41.2657049

-70.0122120

359.02

67

18a

Middle Moors.2

41.2648240

-70.0139540

272.06

67

41.2644640

-70.0269570

1171.61

221

41.2622840

-69.9900210

201.01

19a
20a

Milestone @ South
Pasture
Sconset Bike Path @
Phillips Run

Closest QAL Pop. Name

Latitude

Longitude

41.2624970

-70.0127889

41.2624970

-70.0127889

Tom Nevers @ Norwood

41.2613330

-70.0135520

117

Phillips Run Rd @
Milestone Rd

41.2625320

-69.9923940

Sconset Bike Path

41.2621700

-69.9796610

Milesone Overlook Trial,
P.L. Entr.
Milesone Overlook Trial,
P.L. Entr.

21a

Milestone @ Skinners

41.2630670

-69.9775180

204.83

116

22a

Wauwinet @ Fargo

41.3173070

-70.0061410

362.45
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9 Pocomo Rd

41.3147400

-70.0088330

75

82 Polpis Rd, Polpis Bike
Path

41.2829280

-70.0624170

23a

101 Polpis Rd

41.2850030

-70.0576950

459.08
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Appendix S7. Results of generalized linear model performed in JMP (ver. 13.0.0) of A) mean total pollen, B) mean total standardized
pollen, and C) mean total heterospecific pollen for 23 Sericocarpus asteroides populations at given distances from Daucus carota.
Data were normalized by dividing total counts per slide by the number of stigmas per slide.
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Appendix S8. Daucus carota occurrences (A), those occurrence densities
(B), and D. carota and Sericocarpus asteroides occurrences across
Nantucket Island, MA. Red points (A, C) indicate D. carota occurrences;
in B, cool colors represent low densities while warm colors indicate high
densities; green pins (C) indicate S. asteroides occurrences.
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